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Abstract 
The combination of nonlinearity and periodicity in optical media gives rise to a 
wealth of novel physical effects and unique opportunities for control and manipula-
tion of the propagation of light. This has become evident over the last decades by 
the surge of interest in photonic crystal research and related areas. Many important 
and emerging applications such as all-optical switching, supercontinuum generation, 
and optical sensor devices are based on the fundamentals of light propagation in 
nonhnear and periodic optical structures. 
Experimental studies in the field rely on access to physical systems that exhibit 
both appropriate periodicity and nonlinearity. It is the purpose of this thesis to 
explore a number of different experimental platforms and geometries for the study 
of discrete light propagation in nonlinear and periodic media, and to exploit the 
unique advantages of each of them to demonstrate novel effects with potential ap-
phcations in active photonic devices. The work focuses on structures and material 
systems which offer dynamic tunability of the optical properties and which allow 
for observation of nonlinear effects at moderate laser powers. 
Chapter 1 provides a general introduction to the subject and a brief overview 
of some of the previous experiments in the field of discrete nonlinear optics, pro-
viding the background and motivation for the research carried out in this thesis. 
The fundamental aspects of wave propagation in nonlinear and periodic media are 
briefly introduced, with emphasis on the rich effects arising from the combination of 
nonlinearity and periodicity. These include the unique diffractive properties of pe-
riodic media, and the appearance of families of self-trapped optical beams including 
discrete and gap spatial solitons. 
Chapter 2 describes a series of experiments on linear and nonlinear light propaga-
tion in one-dimensional optically induced photonic lattices in biased photorefractive 
strontium barium niobate crystals. We start out by showing how selective excita-
tion of optical Bloch waves can be realised experimentally with a multiple probe 
beam technique. This is motivated by the fact that the unique diffractive properties 
of periodic structures give rise to a host of interesting linear and nonlinear effects: 
selective Bloch wave excitation is first used to study the nonlinear interaction of 
co-propagating beams associated with the edges of the hnear transmission bands, 
leading to the observation of mutual interband beam focusing and simultaneous 
self-focusing, defocusing, and spatial reshaping of beams with different diffractive 
characteristics. Next it is demonstrated that by tilting the optically induced lat-
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tice by a small angle, probe beams associated with specific Bloch waves refract 
in different directions, and that this beam steering can be dynamically tuned by 
modifying the lattice depth through external tuning of the bias voltage. Finally op-
tically controlled steering of self-locahsed beams is demonstrated in a lattice which 
is modulated by a third plane wave control beam. 
Moving on to the study of fabricated nonhnear periodic structures, Chapter 3 
presents the results of two experiments on discrete self-trapping of light in planar 
lithium niobate waveguide arrays. The photovoltaic self-defocusing nonlinearity ex-
hibited by this material system opens up new possibilities for the study of beam 
localisation in the Bragg reflection bandgap. The generation of strongly localised 
gap solitons is demonstrated by use of a single beam excitation scheme which greatly 
simphfies experimental efforts and reveals new physics of the self-trapping mecha-
nism. Subsequently the boundaries of the fabricated lattice structure are explored 
in the study of nonlinear surface waves, and surface gap solitons - a nonlinear optical 
equivalent of electronic Tamm states - are observed at the edge of a semi-infinite 
waveguide array. 
Chapter 4 explores linear and nonlinear beam propagation in two-dimensional 
periodic structures. Returning briefly to the optical induction technique, we first 
demonstrate discrete diffraction and beam self-trapping in an optically induced 
triangular photonic lattice with self-focusing nonlinearity. Next we propose and 
develop a novel experimental platform for discrete nonlinear optics based on mi-
crostructured fibers infiltrated with nonlinear liquids. Exploiting the strong thermo-
optic response of the infiltrated liquids, we demonstrate tunable discrete diffraction 
and thermal nonlinear beam self-defocusing in a triangular fiber waveguide array. 
Finally, based on the observed effects, we realise a compact all-optical power limiting 
device with tunable characteristics. 
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CHAPTER 1 
'introduction to nonlinear and periodic 
optical media 
1.1 Introduction 
Xonlinearity is a universal phenomenon which appears across many different 
branches of physics. Nonhnearity in general results from the interaction or coupling 
between individual parameters of a system, leading to complex behaviour which is 
known to cause a wealth of interesting and often surprising effects. 
In optics, nonhnearity is at the heart of many effects of both fundamental and 
practical importance, for example frequency conversion and harmonic generation. 
Optical nonhnearity originates from the interaction between intense light waves 
and the optical materials through which they propagate, resulting in a local mod-
ification of the polarisation density and the refractive index. As a consequence of 
nonhnearity, an optical beam can dynamically affect its own propagation, or the 
propagation of other beams. Light waves can thus interact with each other in a 
nonlinear medium. Another example of a fundamental concept in nonlinear optics 
is the optical soliton, which is a self-trapped optical wave that does not change its 
shape upon propagation. The formation of an optical sohton is possible when the 
nonlinear response from an optical material counteracts the effects of diffraction 
and dispersion, leading to the localisation of the optical wave in time or space, re-
spectively. Xonhnear beam interaction and self-action effects represent invaluable 
tools for the study of the nature of light, and in addition show great promise for 
the realisation of efficient and dynamic control of optical beams and signals for 
applications, for example in all-optical technologies. 
Periodicity is another fundamental concept found in many forms throughout 
nature. One of the prime examples is the regular arrangement of atoms in crystalline 
lattices. The physics of such systems is very rich and has been extensively studied. 
Periodic crystal potentials can be used to efficiently control the flow of electrons, 
and this represents one of the fundamental principles behind the development and 
ongoing advances of the microelectronics industry. 
In optics, periodicity is associated with materials that exhibit a refractive index 
modulation in one or more spatial dimensions. Generic examples include optical 
gratings, slab waveguides, waveguide arrays and, introduced more recently, photonic 
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crystals and photonic crystal fibers. Periodic photonic structures can be used to 
control the flow of light in a way quite similar to the case of electrons in periodic 
electronic potentials, and thus hold an immense potential for the reahsation of 
optical integrated circuits e.g. for optical computing, signal processing, and fiber 
communication systems. Much of today's research in optics is thus directed at 
exploring periodicity effects in photonic micro and nano-structures. 
The combination of nonlinearity and periodicity in optical systems introduces 
new and enhanced possibilities for controlling the flow of light, and in particular 
shows inherent advantages for dynamically tunable and all-optical operation. The 
aim of the research described in this thesis is to explore schemes for achieving dy-
namic spatial control of light in optical structures exhibiting both periodicity and 
strong nonlinearity. Linear and nonlinear beam propagation effects of both funda-
mental and practical character are studied in a number of different experimental 
systems, namely: (i) optically induced lattices in biased photorefractive crystals; 
(ii) fabricated planar waveguide arrays; and (iii) liquid-fllled rnicrostructured opti-
cal fibers. Furthermore, dynamic tunability of the investigated photonic structures 
is explored as a means of achieving additional functionality and experimental flexi-
bility. 
This Chapter introduces the fundamental concepts necessary for the understand-
ing of the experiments carried out in the thesis, as well as the historical background 
and context of the work. In Section 1.2, some of the basic aspects associated with 
the appearance of nonlinearity in optics are explained. Sections 1.3 and 1.4 discuss 
the particular types of nonlinearity employed in our studies, namely the photorefrac-
tive and thermal nonlinearities. Section 1.5 then introduces the nonlinear effects of 
self-focusing and self-defocusing which play a central role in the formation of spatial 
solitons, which are discussed subsequently in Section 1.6. Section 1.7 presents the 
fundamentals of light propagation in periodic photonic structures, and introduces 
the use of both discrete models and the Bloch wave formahsm in the description of 
such systems. Finally, bringing together the effects of nonlinearity and periodicity, 
Section 1.8 explains and discusses the unique types of spatial solitons that can exist 
in periodic structures. Section 1.9 provides a historical summary of the develop-
ments in the field, which serves as a motivation for the scope and structure of the 
thesis outlined in Section 1.10. 
1.2 Nonlinearity in optics 
In linear systems, the principle of superposition applies. A linear system's re-
sponse to a number of inputs is equal to the sum of its response to each individual 
input. Mathematically, this can be expressed as 
F{a + b) = F{a) + F{b), (1.1) 
where F is a function which characterises the response of the system, and a and 
b represent two separat inputs. Many physical systems behave linearly for small 
inputs, whereas they become nonlinear for larger inputs. The use of the terms 
"linearity" and "nonlinearity" is linked to the fact that the equations that describe 
a system's behaviour can be either linear or nonlinear. Whereas this mathematical 
distinction is clear, it is often impossible to strictly categorise a physical system as 
being either hnear or nonhnear. In fact, linearity in physics typically represents an 
idealised first order approximation to a more complex nonlinear problem. 
Sometimes nonlinearity is a nuisance because it complicates theoretical and com-
putational analysis and introduces effects that deteriorate the linear performance 
of the system. On the other hand, there is a wealth of situations where physical 
processes can benefit from nonlinearity, and where nonlinearity leads to rich and 
novel effects which cannot be observed in linear systems. 
In free space, the propagation of hght in the form of electromagnetic waves, as 
governed by Maxwell's equations, is a truly linear problem. As a consequence of this, 
individual hght beams cannot interact with each other, and once emitted from a 
source light cannot change its frequency. However, when light propagates in physical 
media such as dielectric materials, nonlinearity can appear as a result of interaction 
between the optical field and the atoms in the medium. The nonlinear interaction 
in general modifies the optical properties (refractive index) of the material which in 
turn affects the light propagation. This feedback type coupling of hght and matter 
is manifested mathematically through the appearence of nonhnear terms in the 
governing equations. As a result, it is possible for an intense light beam to interact 
with itself or other beams, and remarkable effects such as energy exchange and 
optical frequency shifting can occur. 
Nonlinear effects have been of great fundamental and practical interest in op-
tics since the invention of the laser in the 1960's. However, in most typical optical 
materials, including fused sihca, very high light intensities are required in order 
to experimentally observe nonhnear effects. It is also important to remember that 
optical nonlinearity is a property of the material, rather than of the light field it-
self. If the physical medium is removed any nonlinear effect will cease. Optical 
rectification, harmonic generation, frequency conversion, pulse generation, optical 
bistability, self-phase modulation, self-focusing, and sohton formation are all non-
linear effects, which can occur only inside a medium which provides an appropriate 
nonhnear response to an applied optical field. The same is true for effects such as 
four-wave mixing, parametric generation and amplification, and cross phase mod-
ulation, which rely on an interaction of two or more optical waves, mediated by a 
nonhnear medium. 
1.2.1 Nonlinear susceptibility and refractive index 
In the framework of classical electromagnetic theory, light-matter interaction is 
characterised by the relationship between the polarisation density P of the medium 
and the electric field E associated with the hght wave. The polarisation density 
represents the medium's response to the applied electric field. In linear dielectric 
media 
P = eoxE, (1.2) 
(a) (b) 
E 
Figure 1.1: The relationship between electric field E and polarisation density 
P in (a) a linear medium and (b) a nonlinear medium. 
where cq is the permittivity of free space and x is the (hnear) electric susceptibihty 
of the medium. The relation between the susceptibility and the refractive index n 
of the material is given by 
= l + (1-3) 
Any departure from the hnear relationship (1.2) between E and P is a manifestation 
of a nonlinear interaction. In most situations, nonlinearity is relatively small and can 
be treated as a perturbation to the linear relation, which only becomes significant 
when E is large (see Fig. 1.1). It is therefore possible to expand P in a Taylor's 
series about E = Q, using only a few terms. In common notation, the expansion 
rGflids 2 
P-^e.ix^'^E + x^'^E' + x'- '^E'+ ...), (1.4) 
where x^ '^ represents the linear susceptibihty, and x^ "^  is the n-th order nonhnear 
correction. Thus, in a nonhnear material, the susceptibility and hence the refractive 
index are not constant, but depend on the value of the electric field E. The nonlinear 
expansion coefi'ecients, characterise the nature and strength of the nonhnear 
interaction between the optical field and a particular material. 
1.2.2 The electro-optic Pockels effect 
In non-centrosymmetric media, including certain crystalline systems, the second 
order correction to the susceptibility is the dominating nonlinear term in Eq. (1.4). 
X^ '^ materials can exhibit the electro-optic Pockels effect, i.e. a linear change in 
refractive index in response to a DC electric field (e.g. applied through external 
electrodes). The macroscopic Pockels effect is often described by the equation [2 
1 „ 
An = - - n vEdc, (1.5) 
where An is the refractive index change, r is the Pockels coefficient (or linear electro-
optic coefficient), and Edc is the applied electric field. The Pockels coefficient 
characterises the strength of the electro-optic response of the material, and it is 
related to the nonlinear expansion coefficient x^ '^ in Eq. (1.4) [2]. Interestingly, the 
refractive index change can be either positive or negative depending on the polarity 
of the apphed field Edc-
In a more general description, which takes into account material anisotropy, 
the electro-optic response is characterised by a tensor rather than a single Pockels 
coefficient, and the values of the individual tensor elements, r^ -fc, are determined 
by the symmetry properties and the specific physical properties of the material. In 
anisotropic materials, the electro-optic response can thus depend strongly on the 
polarisation of light and its direction of propagation. This effect is exploited later 
in the thesis in the implementation of optically induced lattices [see Section 2.2 . 
1.2.3 The optical Kerr effect 
In centrosymmetric media, the second order nonlinear susceptibility vanishes 
due to the requirement of inversion symmetry and, in this case, the third order 
term x^ ^^  is the leading nonhnear correction. The refractive index change in case of 
third order nonlinearity is proportional to the intensity I of the optical field such 
that An = 712/ and 
n (/ )=no + n2/, (1.6) 
where uq is the unperturbed hnear refractive index, I = /2rj, rj = rjo/uo, rjo = 
(/^o/fo)^ ^ )^ fJ'O is the permeability of free space, and the nonlinear material coefficient 
712 = 377o/(n^eo)x'^ ' [2]- The effect described by Eq. (1.6) is known as the optical 
Kerr effect, and it is at the heart of many fundamental effects observed in nonlinear 
optics [2, 3 . 
1.2.4 The nonhnear wave equation 
In a dielectric medium with no free charges and no currents, the wave equation 
derived from Maxwell's equations reads 
where cq is the speed of light in free space, and P is given by the nonlinear expan-
sion (1.4). 
When driven by an optical field E{ijj) oscillating at frequency to, the nonlinear 
polarisation term on the right hand side of Eq. (1.7) can act as a radiation source 
emitting higher order frequency components (e.g. at 2u! and 3u) which are not 
present in the original field E{uj). In x^^^-materials, this can lead to second harmonic 
generation or optical rectification, i.e. the appearance of field components at 2a; and 
0 frequency in response to an applied field at frequency uj. It can also lead to three-
wave mixing resulting in sum or difference frequency generation {u>i±ui2) in response 
to the interaction of two waves at frequencies wi and UJ2. 
In x'^ ^ materials, processes like third harmonic generation (Sw) and four-wave 
mixing can occur. Although not exploited in this thesis, such frequency generation 
and conversion effects in x^ ^^  and x^ ^^  media represent some of the most intriguing 
and useful applications in nonlinear optics. 
1.2.5 Physical mechanisms behind optical nonlinearity 
For the purpose of this thesis, optical nonhnearity can be summarised as the abil-
ity of light to macroscopically modify the refractive index of the material through 
which it propagates, e.g. as described by the Kerr law [Eq. (1.6)]. In fact a multi-
tude of different physical mechanisms can be responsible for the appearance of an 
intensity dependent refractive index. 
Regardless of its specific physical origin, the nonlinear optical response can be 
characterised on a macroscopic level by its effect on the refractive index, and thus by 
a function n( / ) which depends on the beam intensity I. Many types of nonlinearities 
behave effectively or approximately like the Kerr nonlinearity, i.e. the hght induced 
refractive index change varies linearly with the optical intensity, and this provides 
a convenient way of theoretically treating many similar problems using the same 
macroscopic description of the nonhnear interaction [Eq. (1.6) . 
In general, one can distinguish between two different classes of nonlinearities, 
namely: (i) fast nonhnearities and (ii) slow nonlinearities. Fast nonlinearities 
involve the local distortion of electronic potentials and the formation of induced 
atomic dipole moments in a nearly instantaneous response to the electric field of 
the optical wave. Such nonlinearities can exhibit response times on the order of 
picoseconds or femtoseconds, but require very large optical intensities in order for 
the nonlinear response to be of an appreciable size. In practice, this imphes the use 
of pulsed lasers with peak powers exceeding hundreds of watts, and even then the 
achieved nonlinear effects are often modest in most materials. Fast nonlinearities 
are responsible for harmonic generation, where accelerated dipole moments on the 
atomic scale radiate harmonics at optical frequencies (as discussed in the previous 
Section). 
Slow nonlinearities, on the other hand, rely on modification of the material 
on a scale much larger than that of the atomic electronic response and on a much 
longer time scale. Examples relevant to this thesis are photorefractive and ther-
mal nonlinearities. The former rely on diffusion and drift of photo-excited mobile 
charge carriers in certain crystalline systems. Nonuniform charge distributions set 
up macroscopic space-charge fields which in combination with the electro-optic ef-
fect result in an effective optical nonlinerity (see Section 1.3). Thermal nonhnearity 
relies on absorption of optical power and thernio-optic effects (see Section 1.4). 
Slow type nonlinearities can allow for nonlinear effects to be observed at inten-
sities as low as microwatt or milliwatt levels, which represents a great advantage 
in experimental research. The dramatic decrease in power requirements is possible 
because the nonlinear processes do not depend on the instantaneous magnitude of 
the optical field, but rather on the combined (accumulative) effect of many succe-
sive small interaction events such as individual photon absorptions. Furthermore, 
slow nonlinearities are often of a saturable and a spatially dispersive (nonlocal) 
nature. For example, photorefractive nonlinearity can saturate when all available 
mobile charge carriers have been depleted after a certain time of illumination, while 
heat diffusion can cause a thermal nonlinear response to extend beyond the optical 
intensity profile itself. 
For many practical applications of nonlinear optics, including optically controlled 
(all-optical) switching and signal processing in optical communication systems, a 
fast nonlinear response on the order of femtoseconds or picoseconds is essential. 
In other applications of nonlinear beam control, however, time scales may be less 
critical, and response times on the order of microseconds or milliseconds, as pro-
vided for example by thermal nonlinearity, may be sufficient to achieve a certain 
functionality. In such cases, the use of slow nonlinearities represents a number of 
unique experimental advantages, including the fact that much less sophisticated 
hght sources, such as continuous-wave lasers, can be used. 
From the point of view of fundamental research, where the aim is to demon-
strate fundamental nonlinear phenomena, the response time associated with the 
particular physical process is often irrelevant. This thesis focusses mainly on such 
generic nonlinear effects of optical beam propagation. Many of the studied effects 
are of a universal nature in the sense that their essential features do not depend 
on the particular choice of nonhnearity and physical system. Although interesting, 
the physics of the underlying nonlinear mechanisms associated with a particular 
experimental system are therefore secondary in this context. 
1.2.6 The nonlinear Schrodinger equation 
The nonlinear beam propagation effects studied later in this thesis can be un-
derstood directly from the concept of the intensity dependent refractive index n{ I ) . 
The beam profile I = I{x, y, z) in general depends on the three spatial coordinates 
X, y, and 2. In addition, in nonuniform optical media such as periodically modu-
lated structures, the linear refractive index itself depends explicitly on the spatial 
coordinates, such that n = n{x, y, z, I). 
We consider steady state propagation of continuous-wave laser beams, i.e. there 
is no time evolution of the electric field envelope. In this case, the electric field 
can be represented as a rapidly oscillating plane wave exp{—ikz) modulated by a 
slowly varying field envelope ip{x,y,z), where k = noko is the wavevector, no is the 
(average) hnear refractive index, KO = UJ/CQ, and U is the angular optical frequency. 
Assuming in addition that « 0 (the paraxial approximation [2]) and that 
nonlinear perturbations AUNL are small compared to the linear refractive index, i.e. 
An^TL ^ no, the nonlinear wave equation [Eq. (1.7)] can be rewritten in the form 
of a time-independent nonhnear Schrodinger equation [2, 4], 
i ^ + D 
az 
+ 
dx^ dy^ 
+ = (1.8) 
where 'il){x, y, z) is the normalised electric field amplitude, x and y are the transverse 
coordinates, and 2 is the propagation coordinate, normalised to the characteristic 
values XQ, YO, and ZQ, respectively, D = 2oA/(47rnoX^) is the diffraction coefficient, 
A is the wavelength in vacuum, and no is the average linear refractive index of the 
medium. 
The first term of Eq. (1.8) describes the phase accumulation associated with 
longitudinal propagation along z, while the second term accounts for linear beam 
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diffraction in the transverse dimensions x and y. The larger the value of the dif-
fraction coefficient D, the faster the beam diverges upon propagation. The function 
^ (x , y, z, IV'P) in general accounts for the effects of both (i) nonlinearity and (ii) ma-
terial inhomogeneity, e.g. the presence of a periodic refractive index modulation, and 
hence depends explicitly on x, y, and z, as well as the beam intensity / oc [V'P-
Since the form of J^{x,y, z, is not yet specified, Eq. (1.8) represents a gen-
eral model which is widely applicable to a range of optical systems. As an example, 
the function z\ip\^) = — d e s c r i b e s a bulk medium with a nonlinear re-
sponse which is a hnear function of the light intensity I oc ji/'p, as in the case of 
Kerr nonlinear media [cf. Section 1.2.3]. The magnitude and sign of the parameter 
7 characterises the strength and type of nonlinearity, respectively, where 7 > 0 
corresponds to self-focusing nonhnearity and 7 < 0 corresponds to self-defocusing 
nonhnearity [see Section 1.5]. In our studies, Eq. (1.8) is used to simulate beam 
propagation in a number of different periodic nonhnear structures, and in each par-
ticular case, !F{x,y,z, is chosen to appropriately account for a specific type 
of nonlinearity and periodic refractive index modulation [see e.g. Eq. (2.2) in Sec-
tion 2.5.4]. 
In one-dimensional periodic structures with no beam dynamics in one of the 
transverse dimensions [see Section 1.7], Eq. (1.8) reduces to an equation involving 
only two spatial variables x and and in this case if) = z). 
Equation (1.8) is widely used to study beam propagation effects in nonlinear op-
tics. A similar nonlinear Schrodinger equation in which the propagation coordinate 
2 is replaced by the time coordinate t (and the second term describes dispersion 
rather than diffraction) is commonly used to describe nonlinear pulse propagation 
in optical fibers [5 . 
1.3 Photorefractive nonlinearity 
The photorefractive effect is a nonlinear process which can occur in certain 
non-centrosymmetric materials (predominantly crystals). Photorefractive crystals 
possess a high concentration of weakly bound charge carriers (electrons) which can 
be excited by a resonant light wave and thereby become mobile in the crystal po-
tential. The photo-excited charge carriers redistribute nonuniformly in illuminated 
regions and set up internal space-charge fields which locally alter the refractive index 
through the electro-optic effect [cf. Eq. (1.5)]. The photorefractive crystals used in 
our experiments are strontium barium niobate (SBN) and hthium niobate (LiNbOs). 
Other common photorefractive materials include potassium niobate (KNbOs), bar-
ium titanate (BaTiOs), bismuth titanate (Bii2Ti02o), and gallium arsenide (GaAs). 
The mobile charge carriers which produce the internal space-charge fields origi-
nate from impurity centres (crystal dopants) which create energy levels associated 
with defect states between the electronic valence and conduction bands of the pho-
torefractive crystal. The impurity centres act as either donors or acceptors (or both), 
corresponding to the processes of charge carrier generation and recombination, re-
spectively. The photorefractive process is illustrated in Fig. 1.2. In the presence of 
(b) 
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Figure 1.2: Schematic illustration of (a) photo-induced generation, (b) mi-
gration, and (c) recombination of mobile charge carriers, and (d) resulting 
space-charge field, in a photorefractive material. Energy levels marked by 
dashed lines between the valence and conduction bands represent impurity 
levels acting as (a) donors and (c) acceptors of free charge carriers. 
an intense optical beam, photons are absorbed at impurity centres in the crystal, 
leading to the generation of mobile electrons [Fig. 1.2(a)]. The free charges migrate 
through the crystal [Fig. 1.2(b)], and eventually recombine at impurity centres lo-
cated in darker regions further away from the beam centre [Fig. 1.2(c)]. The transfer 
of charge carriers within the crystal lattice leads to the formation of a space-charge 
electric field [Fig. 1.2(d)] which then produces an electro-optic modification of the 
refractive index [cf. Eq. (1.5) . 
The photorefractive effect has interesting applications in optical memory tech-
nologies. When the illuminating beam is turned off, the redistributed charges can 
remain trapped in their respective locations in the crystal. In this way the photore-
fractive effect can be used to store information about an optical field I[x, y, z) in the 
form of a refractive index modulation An{x,y,z) which can subsequently be read 
out by a (weak) probe beam. The system can be brought back to its initial state at 
any time by subjecting it to bright background illumination or heating, ensuring a 
uniform redistribution of all mobile charge carriers. Among a number of applications 
exploiting such effects, photorefractive crystals can be used in real-time holography 
and phase conjugation [6]. However, in the context of our work, we are interested 
in how the photorefractive effect can provide a nonlinear response that supports the 
formation and observation of spatial solitons and related beam propagation effects. 
The spatial redistribution of mobile charge carriers is governed by the effects of 
diffusion and drift. Diffusion causes charge carriers to migrate away from illuminated 
areas at a rate depending on the gradient of the optical intensity. Drift of charge 
carriers, on the other hand, is caused by electrostatic forces from electric fields, 
which may be externally applied fields or internal space-charge fields. The intensity 
profile of the optical field and the diffusion and drift mechanisms together determine 
the refractive index modulation arising from the photorefractive process. 
In general, the nonlinear refractive index profile does not exactly map the pro-
file of the optical beam. Diffusion and drift may transport charge carriers beyond 
the extent of the optical intensity profile, leading to a nonlocal nonhnear response 
in photorefractive materials. This is contrasted by the case of the common Kerr 
nonlinearity [Eq. (1.6)] which provides a local response to the optical intensity. Fur-
thermore, the photorefractive effect is saturable, i.e. a maximum space-charge field 
and nonlinear refractive index change is reached when all available charge carriers 
are depleted from the donor impurity centres in the illuminated region of the crystal. 
In addition, material anisotropy can lead to inherent asymmetry in the nonlinear 
response, e.g. through enhanced drift along a preferred crystalline direction. Finally, 
the photorefractive effect is a slow nonlinearity with typical response times on the 
order of seconds. The dynamics associated with the generation, migration, and 
recombination of mobile charge carriers is complicated, but here we shall consider 
only beam propagation in situations where a steady state equilibrium is reached, 
i.e. when the charge carrier distribution and the nonlinear response do not change 
after a certain relaxation time. In most cases studied in this work, steady state is 
achieved within a few seconds of illumination. 
Because of the inherent nonlocality, saturation, anisotropy, and complex dy-
namics associated with the photorefractive nonlinearity, it is important to carefully 
choose a particular regime of operation in order to achieve an appropriate nonlin-
ear response for a given purpose. However, the difficulties caused by the above 
mentioned effects are often compensated for by the easy access to strong nonlinear-
ity in photorefractive media, which is of great experimental value. The screening 
method described below is an attractive approach in which the effects of nonlocality 
and asymmetry are minimised, and where the saturation and the strength of the 
nonlinear response can be externally controlled. It is particularly suitable for the 
reahsation and study of periodic nonhnear structures, as discussed in Section 2.2. 
1.3.1 Screening of external electric field 
Applying an external bias field to a photorefractive crystal such as SBN can lead 
to a strong enhancement of the nonlinear optical response. The idea behind this 
effect is that the applied field causes an increased drift of mobile charge carriers and 
correspondingly a stronger internal space-charge field which screens the external bias 
field in the regions of high intensity. In addition to enhancing the photerefractive 
nonlinearity, it is possible to reduce the effects of diffusion and inherent asymmetric 
drift, and achieve a quasi-local, quasi-symmetric nonlinear response. 
Figure 1.3 illustrates the implementation of photorefractive screening nonhnear-
ity for two cases: (i) a single Gaussian beam [Fig. 1.3, left] and (ii) an extended 
periodic intensity pattern [Fig. 1.3, right] such as the interference fringes created by 
two plane waves intersecting at a small angle. The external field EQ pointing to the 
right in the top of Fig. 1.3 is applied along the crystalline c-axis which provides the 
largest Pockels coefficient and hence the strongest electro-optic response [cf. Sec-
tion 1.2.2], This direction also determines the orientation of the transverse beam 
dimension x. Figure 1.3 shows (a) the transverse beam intensity profile, (b) the 
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ZM Figure 1.3: Generation of an internal space-charge field in response to lo-cal illumination of a biased photorefractive crystal when the drift of mobile 
charge carriers is dominated by the external electric field EQ applied along the 
crystalline c-axis. The schematic illustrates the cases of a single beam (left) 
and an extended periodic intensity pattern (right), (a) Intensity profile of the 
illuminating beam / (x) ; (b) distribution of photo-excited charge carriers (+ 
and -) under the infiuene of EQ- The resulting space-charge field is indicated 
by red arrows; (c) profile of the space-charge field EGC, screening the applied 
electric field EQ in the illuminated areas. The corresponding electro-optically 
induced refractive index change maps the space-charge field profile Esc-
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distribution of photo-excited charge carriers (+ and -), and (c) the corresponding 
profile of the space-charge field Esc{x). The electro-optically induced refractive 
index change is directly proportional to the space-charge field Esc{x) and thus has 
a similar profile. 
For the Gaussian beam [Fig. 1.3, left] the space-charge field essentially maps the 
beam intensity profile and, pointing in the opposite direction of EQ [see Fig. 1.3(b), 
left], results in screening of the applied electric field in the illuminated areas (as-
suming |£'o| > l-E'scD- Comparing the beam intensity and space-charge field pro-
files [Fig. 1.3(a,c)] indicates that the screening technique provides a quasi-local and 
quasi-symmetric nonlinear response. Illumination by an extended sinusoidal inten-
sity pattern [Fig. 1.3, right] leads to the generation of a periodic screening space-
charge field, which is aligned with the light intensity fringes. It is worth noting that 
without an external applied field the space-charge field profile and the induced peri-
odic refractive index grating is generally shifted with respect to the optical intensity 
profile [2, 6]. 
Depending on the polarity of the applied field, the refractive index change An 
can be either positive or negative [cf. Eq. (1.5)], resulting in either self-focusing 
or self-defocusing nonhnearity [see Section 1.5]. Furthermore the screening space-
charge field, and hence the depth of the induced refractive index modulation, is 
directly proportional to the applied field EQ. Both the sign and strength of the 
nonlinear response can thus be controlled externally by the applied field EQ. If the 
applied field is sufficiently large (typically 0.1 — IkV/cm), drift will dominate over 
diffusion, and a pure screening nonlinearity is achieved. In this case, neglecting the 
diffusion mechanism, the net field producing the electro-optic response, i.e. the sum 
of space-charge and external fields, is given approximately as [7, 8 
E D C = E Q - , (1-9) 
where EQ is the applied field, I{x, y, z) is the beam intensity, and is the constant 
dark irradiance accounting for additional charge carriers excited thermally or by a 
uniform background illumination. The corresponding refractive index modulation 
is directly proportional to E^c as given by Eq. (1.5). Equation (1.9) shows that 
in addition to the possibihty of tuning the strength of the nonlinear response by 
varying the external field EQ, changing the crystal temperature or the background 
illumination and hence Id can be used to modify the response, allowing in particular 
to control the saturation of the nonlinearity. 
1.4 Thermal nonlinearity 
Thermal nonlinearity is employed in our experiments on light propagation in 
liquid-infiltrated microstructured optical fibers [see Chapter 4]. Thermal nonlin-
earity is caused by heating of the optical material due to partial absorption of 
energy from propagating beams through an optical loss mechanism. The tempera-
ture change resulting from the heating process produces a refractive index change 
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which depends on the amount of absorbed energy and hence on the hght intensity. 
Different physical effects may be responsible for the energy absorption and the re-
sulting heating and nonhnear response. The relationship between the light induced 
temperature change AT and the resulting refractive index n can be described as [3 
n = n , + ( % ] A T , (1.10) 
where no is the refractive index of the medium in the absence of the beam, i.e. 
at ambient temperature, and (dn/dT) is the thermo-optic coefficient, a material 
specific parameter characterising the thermal response of the medium. According 
to Eq. (1.10) the refractive index change varies linearly with the temperature change, 
and can be either positive or negative depending on the sign of the thermo-optic 
coefficient. It is worth to note that the strength of the thermal nonlinearity depends 
not only on the value of the thermo-optic coefficient, but also on the characteristics 
of the absorption mechanism and the heat diffusion properties of the material. 
Virtually all optical materials can display strong thermal nonlinearity, even at 
moderate light intensities, especially if doped in order to increase absorption losses. 
For most liquids, including the castor oil used in our experiments [see Chapter 4], 
the thermo-optic coefficient is negative, leading to a decrease of the refractive index 
at high hght intensity, i.e. a self-defocusing type nonhnearity [see Section 1.5]. The 
thermo-optic coefficient is particularly large in liquids, in most cases taking a value 
close to —4 X whereas in solids the thermo-optic coefficient is typically 
on the order of ± 3 x 10"^ K"^ [3 . 
Like the photorefractive effect, thermal nonlinearity is an inherently strong, but 
rather slow process. Whereas the local heating can be almost instantaneous when 
the laser beam is turned on, it takes longer time for the heat to disperse throughout 
the medium and hence for re-thermahsation to happen when light is switched of. 
In the case of continuous-wave laser operation, heating in the beam cross section 
is followed by heat diffusion which continuously redistributes the thermal energy 
throughout the structure. In this case thermal equilibrium and a steady state non-
linear response can typically be reached on a time scale of microseconds to mil-
liseconds. The resulting temperature profile depends on the dimensions, geometry, 
boundary conditions, and heat conductance of the system. Therefore, although 
the thermo-optic effect as described by Eq. (1.10) in itself is simple, the dynamics 
associated with thermal diffusion can be comphcated. Furthermore, the nonlinear 
response is generally nonlocal, i.e. the temperature profile and the corresponding 
refractive index change in steady state extend beyond the beam profile itself due to 
thermal diffusion. Nonlocality can have important consequences for the nonlinear 
beam propagation effects occuring in such systems [9]. 
1.5 Self-focusing and self-defocusing 
We now turn our attention to the nonhnear effects of self-focusing and self-
defocusing. They are a fundamental consequence of the intensity dependent refrac-
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Figure 1.4: Schematic illustration of (a) self-focusing and (b) self-defocusing 
nonlinearity. In (a,b) the optical intensity profile is represented by the solid 
red curve, and the nonlinear refractive index profile by grey shading. Dashed 
line indicates the unperturbed linear index. (c,d) corresponding wavefront 
distortion induced by self-focusing and self-defocusing nonlinearity, respec-
tively. 
tive index introduced in Eq. (1.6) and constitute the conceptual basis for all spatial 
nonlinear effects studied in this thesis. 
An optical wave of intensity I traveling through a nonlinear medium v^ i^th an 
intensity dependent refractive index n{I) experiences self-phase modulation accord-
ing to A0 = 2T:/XoLn{I), where A(j!) is the nonlinear phase shift acquired after a 
propagation distance L. The higher the intensity, the larger the induced change in 
refractive index and rate of phase accumulation. 
A spatially finite laser beam with a non-uniform transverse intensity distribution 
I{x, y) will experience uneven self-phase modulation over the beam cross section, 
and this strongly affects the evolution of the spatial beam profile upon propagation. 
For a bell shaped beam the nonlinear phase shift is largest in the beam centre and 
decreases away from the propagation axis in the wings of the beam, leading to a 
smooth distortion of the wavefront. 
As illustrated in Fig. 1.4, this acts as to either focus or defocus the beam upon 
propagation, depending on the sign of the nonlinearity, i.e. whether the intensity in-
duced change in refractive index is positive or negative. In the first case [Fig. 1.4(a,c) 
a beam with an initially plane wave front will tend to focus since the phase velocity 
of the central high intensity region is decreased with respect to the wings of the 
beam. In the opposite case [Fig. 1.4(b,d)] self-phase modulation causes defocusing 
of the beam. In Fig. 1.4 the grey rectangles represent slabs of nonlinear material, 
and the blue lines illustrate the beam wavefronts before and after nonlinear self-
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action inside the medium. The longitudinal propagation direction 2 is indicated by 
arrows. 
1.6 Spatial optical solitons 
Diffraction is a fundamental phenomenon leading to beam broadening upon 
propagation in linear media, and even in free space. In a nonlinear medium, self-
focusing counteracts diffraction whereas self-defocusing on the other hand enhances 
the beam spreading. 
In a situation where the nonlinear self-focusing exactly balances diffraction, the 
beam can propagate as a spatial soliton, i.e. a self-trapped beam preserving a con-
stant, localised transverse profile upon propagation [4]. Figures 1.5(a,b) schemat-
ically illustrate (a) linear diffraction broadening in a homogeneous medium and 
(b) a nondiffracting spatial soliton propagating in a homogeneous medium with 
self-focusing nonhnearity. In this context a spatial soliton can be thought of as a 
nonlinear mode of a self-induced waveguide. Spatial solitons appear mathematically 
as solutions to the nonlinear Schrodinger equation [Eq. (1.8)], and in a bulk medium 
with Kerr like nonhnearity their one-dimensional transverse profile takes the form 
of a beh shaped hyperbolic-secant function which is independent of z. 
In bulk media, self-defocusing nonhnearity clearly does not support the forma-
tion of bright solitons like the one sketched in Fig. 1.5(b). Self-defocusing, however, 
can be used to generate dark solitons, which are formed by the nonlinear localisa-
tion of a narrow dip in an otherwise uniform intensity background, as illustrated 
in Fig. 1.5(c). Experimentally bright solitons can be excited by shining a focused 
laser beam into a self-focusing material, and dark solitons can be observed in self-
defocusing media by launching a broad beam with a zero intensity dip created e.g. 
by imprinting a TT phase jump or a vortex phase singularity onto the beam. 
The formation of spatial solitons by nonlinear compensation of diffraction is 
analog to the appearance of temporal (pulse) solitons in optical fibers, where self-
phase modulation is used to balance dispersion such that the pulse shape is preserved 
upon propagation. 
1.7 Periodic photonic structures 
In homogeneous bulk media the refractive index is constant everywhere, except 
when locally modified by nonhnearity as discussed above. Periodic photonic struc-
tures, on the other hand, are optical media with an extended periodic refractive 
index modulation in either one, two, or three spatial dimensions. In this thesis 
we focus on one- and two-dimensional structures where periodicity appears in the 
transverse directions x and y, while we consider beam propagation along the 2 di-
rection [see Fig. 1.6]. In Figs. 1.6(a,b) hght and dark shading represents areas of 
low and high refractive index, respectively. The modulation period is d as shown in 
Fig. 1.6(a). 
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Figure 1.5: Schematic illustration of (a) linear diffraction broadening, 
(b) bright spatial soliton in a self-focusing nonlinear medium, and (c) dark 
spatial soliton in a self-defocusing medium. Grey shading indicates the re-
fractive index profile. 
For now, and in Chapters 2 and 3, we limit our discussions to the case of one-
dimensional structures with one transverse direction of periodic modulation x, and 
a longitudinal propagation direction 2 [see Fig. 1.6(a)]. Many of the fundamental 
concepts introduced below can be extended to the two-dimensional case [Fig. 1.6(b) 
which, in addition, offers the possibility of studying a range of diverse transverse 
geometries, including square and triangular (hexagonal) patterns. Chapter 4 is 
devoted to the study of two-dimensional structures. 
As we shall see below the introduction of periodicity in a nonlinear optical 
medium greatly adds to the wealth of effects associated with self-focusing and self-
defocusing, and the formation of spatial solitons. In addition periodicity and dis-
creteness bring along a number of linear effects which are interesting in their own 
right in relation to their ability to spatially control hght propagation. 
1.7.1 Periodicity and discreteness 
The periodic structures depicted in Figs. 1.6(a,b) may be seen as one- and two-
dimensional arrays of individual slab and channel waveguides, respectively. The 
modal overlap between neighbouring waveguides determines to what extent guided 
light is able to redistribute throughout the structure by tunnehng between individual 
sites through evanescent coupling. The coupling strength depends on waveguide 
spacing {d), refractive index contrast, and wavelength. 
Light propagation in such periodic structures, or coupled waveguide arrays, may 
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Figure 1.6: (a,b) Schematic illustration of a one-dimensional (a) and a two-
dimensional (b) periodic photonic structure. Light and dark shading represent 
areas of low and high refractive index, respectively, d is the period of the 
refractive index modulation. 
exhibit discrete behaviour [10] if the coupling between neighbouring waveguides 
is weak, i.e. if light is strongly confined to discrete points in space defined by 
well separated high index regions. Periodic photonic structures are often termed 
photonic lattices because of such discreteness. Fig. 1.7(a) schematically shows a 
one-dimensional discrete photonic lattice as a chain of coupled waveguide modes 
(circles). The corresponding refractive index profile may be step like, or it may be 
smooth as shown in Fig. 1.7(b). The maximum refractive index difference An, the 
lattice period d, and the waveguide geometry determines the strength of the inter-
site coupling for light of a given wavelength, and hence the degree of discreteness 
exhibited by the system. 
Theoretically light propagation in discrete nonlinear photonic lattices can be 
studied using the formalism of coupled-mode theory and the tight-binding approxi-
mation borrowed from solid state physics [11, 12]. In a one-dimensional waveguide 
array the discrete dynamics are then described by a differential equation, 
-h pan + C(a„_i -f o„+i) -K = 0, 
dz 
(1.11) 
where is the propagation coordinate, an{z) is the mode amplitude in the n—th 
waveguide [Fig. 1.7(a)], /3 is the propagation constant, and the coefficient C char-
acterises the nearest-neighbour coupling between the waveguides. C is proportional 
to the mode overlap integral. The last term in Eq. (1.11) accounts for Kerr like 
nonlinear mode detuning through the intensity-dependent change of the refractive 
index. The coefficient 7 characterises the nonhnear response which can be of either 
the self-focusing (7 > 0) or the self-defocusing (7 < 0) type. The continuous optical 
field profile can be approximately obtained by multiplying the individual waveguide 
mode profile by the corresponding discrete mode amplitude a^iz) for each site. 
Historically, discrete models have been the preferred tool for analysing and mod-
ehng periodic systems, for the reason that they are computationally relatively easy 
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Figure 1.7: (a) Schematic representation of a one-dimensional discrete lattice 
and (b) the corresponding refractive index modulation. An indicates the 
effective modulation depth, and d is the lattice period. 
to deal with, and in many cases give an accurate description of the physics of such 
systems. 
1.7.2 Discrete diffraction and self-trapping 
In bulk media a narrow Gaussian beam diffracts as illustrated in Fig. 1.5(a). 
The beam profile broadens in the transverse direction, but does not change its shape 
upon propagation. In discrete periodic media the picture is fundamentally different. 
When light is coupled into a single waveguide in a one-dimensional photonic lattice, 
it can experience discrete diffraction as shown in Fig. 1.8(a). Although light is 
guided in the waveguide by total internal reflection, energy can tunnel to adjacent 
waveguides by means of the evanescent coupling resulting from the nonzero overlap 
between the individual waveguide modes. As a result light is seen to oscillate back 
and forth between waveguides [Fig. 1.8(a)]. The effect resembles the periodic energy 
exchange in a directional coupler, i.e. the case of only two coupled waveguides [2 . 
In the extended array, however, the beam effectively broadens upon propagation, 
and energy is carried away from the beam centre in two dominant lobes in the wings 
of the beam [Fig. 1.8(a)]. In contrast to the case of bulk diffraction, the beam profile 
clearly changes qualitatively in the discrete system. 
The rate at which the beam diffracts is related to the coupling coefficient C 
Eq. (1.11)] such that the larger the waveguide coupling, the faster the energy 
is dispersed in the array. In a directional coupler consisting of two identical 
waveguides, the period of the energy exchange is tt/C, and the so-called coupling 
length LC = IT/{2C) thus determines the propagation distance required for all the 
beam energy to shift from one waveguide to the other [2]. In extended waveguide 
arrays, energy effectively disperses faster, and a characteristic discrete diffraction 
length LD can therefore be defined as 
27r 
LD = a — , (1.12) 
where a < 1 is a parameter chosen such that LD corresponds to the propagation 
distance at which the intensity in the central waveguide first reaches a minimum 
see Fig. 1.8(a)]. The total propagation distance in Fig. 1.8(a) corresponds to ap-
proximately three coupling lengths, and four discrete diffraction lengths. 
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Figure 1.8: (a) Linear discrete diffraction and (b) nonlinear self-trapping in a 
one-dimensional photonic lattice, x and 2 are the transverse and propagation 
coordinates, respectively. Only one waveguide, in the centre of the array, is 
excited at the input. (c,d) schematic illustration of refractive index and cor-
responding spatial soliton profiles for self-focusing (7 > 0) and self-defocusing 
(7 < 0) nonlinearity, respectively. 
In the nonlinear regime, for self-focusing nonlinearity (7 > 0), light can self-
trap at high beam intensity and form a bright soliton in the lattice as shown in 
Fig. 1.8(b). This happens through the nonlinear mode detuning which decouples the 
The result is suppression 
12] which is locked 
central waveguide from the rest of the array [Fig. 1.8(c) 
of discrete diffraction, and the formation of a discrete soliton 
to the input waveguide and its nearest neighbours [Fig. 1.8(c) . 
In discrete lattices, surprisingly, the formation of bright solitons can also occur 
in case of self-defocusing nonhnearity (7 < 0). In this case nonhnear localisation 
happens at a negative type lattice defect, and the neighbouring mode amphtudes 
of the self-trapped beam are out of phase or staggered [13] [Fig. 1.8(c)]. This can 
be understood by noting that the form of Eq. (1.11) remains unchanged after the 
transformation: a„ ^ ( - l ) " a * and 7 ^ - 7 , with the only difference being in 
the phase structure of the beam (i.e. the alternating sign of the mode amplitudes 
a„). It follows that the nonhnear dynamics in the framework of Eq. (1.11) is fully 
equivalent for positive (7 > 0) and negative (7 < 0) nonlinearities, provided only a 
single lattice site is excited at the input, i.e. a„(z = 0) = 0 for n ^ 0. In particular, 
when the input intensity is high enough, a sohton should form for either type of 
nonlinear response. In both cases [Figs. 1.8(c,d)] the discrete mode amplitudes of 
the self-trapped states can be found by numerically solving Eq. (1.11). 
Nonhnear localisation at a positive type lattice defect [Fig. 1.8(d)] is somewhat 
similar to the effect of soliton formation in a bulk medium with self-focusing non-
linearity [Fig. 1.5(b)]. However, the possibihty of achieving discrete self-trapping 
at a negative type lattice defect [Fig. 1.8(d)] stands in stark contrast to the case 
of bulk media, where self-defocusing nonlinearity does not support bright solitons. 
This is an important example of how periodicity and discreteness bring along new 
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opportunities for nonlinear control of light. In Chapter 3 we study in more detail 
the mechanism of self-trapping in self-defocusing waveguide arrays. 
1.7.3 Bragg reflection in periodic structures 
Rather than a discrete array of waveguides, a one-dimensional periodic structure 
may be seen as a series of Fresnel surfaces which each reflects part of the beams 
traveling across the grating. Strong scattering and reflection from the structure 
occurs when the reflected waves interfere constructively. This is the well known 
phenomenon of Bragg reflection which happens whenever 
m A / n o = 2dsin(0), (1.13) 
where m is an integer, A is the wavelength of light in vacuum, d is the period 
of the structure, no is the average refractive index, and 6 is the angle between 
the periodic grating and the initial propagation direction of the beam. To achieve 
Bragg reflection in a periodic structure one can tune the system to resonance by 
varying either the wavelength A, the grating period d, the refractive index no, or the 
propagation direction 9. Here we will consider the latter case in which wavelength 
and the structural parameters are fixed, and the propagation direction (or spatial 
frequency) of the beam is changed. 
1.7.4 Photonic bandgaps and Bloch waves 
The discrete waveguiding model based on Eq. (1.11) succesfully describes phe-
nomena such as discrete diffraction and discrete self-trapping, but its validity is 
limited to the regime of weak coupling and does not offer a comprehensive descrip-
tion of the effects of Bragg reflection. For a more complete understanding of linear 
and nonlinear wave propagation in periodic media, it is necessary to resort to a 
more general model based on the continuous description provided by the general 
wave equation (1.7). 
In this case, periodicity can be accounted for by including a continuous refractive 
index modulation n{x) in the wave equation. As dicussed in Section 1.2.6 a spatially 
varying linear refractive index n{x) can be incorporated in the last term of the 
nonhnear Schrodinger equation (1.8). The function n(x) is periodic such that n{x) = 
n{x ±pd), where p is an integer. Often the refractive index modulation can be well 
described by a cosine proflle [cf. Fig 1.7(b) 
An 
n(a;) = no + — cos(27rx/(i), (1-14) 
where no is the average refractive index. An is the depth of the modulation, and it 
is assumed that An no. 
In the framework of the continuous model, beam propagation is governed by the 
properties of the spatially extended linear eigenmodes of the wave equation, and in 
particular the relationship between the propagation constant (5 and the transverse 
wave vector k of these eigenmodes. The function /?(«) is the hnear dispersion 
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Figure 1.9: Linear diffraction relation (3{k) for waves propagating in (a) a 
bulk medium and (b) a one-dimensional periodic structure. (5 is the prop-
agation constant, and k the transverse wave vector. The gaps appearing in 
(b) correspond to regions of resonant Bragg reflection where propagation at 
certain angles is prohibited. 
relation which, for the purpose considered here, may be termed the linear diffraction 
relation. To understand the effects of Bragg reflection it is useful to consider how, 
compared to the case of bulk media, P{K) is modified in a periodic structure. 
In homogeneous bulk media the linear eigenmode solutions to the wave equa-
tion (1.7) are the well known plane waves E{r) = £'oexp(ik • r) where in the case 
of only one transverse dimension r = (x, 0,2), k = and |k| ^ k = 
noko = 2Trn/X. The relationship k'^ ^ k^ + determines the diffraction relation 
P = That is, in this case k and (3 are simply the x and 2 components of 
the constant plane wave vector k. In the paraxial approximation where k < A; the 
diffraction relation becomes P = k — /2k. This parabolic relationship is sketched 
in Fig. 1.9(a). To each point along the diffraction curve corresponds a plane wave 
solution whose k-vector and propagation direction point along the normal to the 
curve. 
In periodic media, no wave propagation is possible in the directions where strong 
Bragg reflections occur [Eq. (1.13)], and this leads to the appearence of gaps in the 
linear diffraction relation P{K) at k = ±mn/d. Figure 1.9(b) shows the modi-
fied diffraction relation (solid black) and the corresponding gaps (shaded) for a 
one-dimensional periodic structure. As a result of Bragg reflections the diffraction 
curve is divided into separate transmission bands which are numbered in succesive 
order from the top of the diagram. In Fig. 1.9(b) the first two bands and Bragg 
reflection gaps (or bandgaps) are visible, as well as part of the third band. The 
semi-infinite gap at the top of the first band is known as the total internal reflection 
gap, which is also present in the bulk medium [cf. Fig. 1.9(a)]. Note that higher 
order Bragg reflections (m > 2) are weaker than in the first order (m = 1), and that 
correspondingly the bandgap width succesively decreases for higher orders. Also, 
the strength, or spectral width, of the Bragg reflection depends on the depth of 
the refractive index modulation, so that higher An leads to wider bandgaps and 
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Figure 1.10: The periodic linear diffraction relation (3{K) = P{K ± p27r) 
for waves propagating in a one-dimensional periodic structure. The dia-
gram shows the total internal reflection (TIR) gap, the first Bragg reflec-
tion gap (both shaded), and the first and second transmission bands (solid 
black curves). All bands can be represented within the first Brillouin zone 
—TT < K < TT (dashed black curve for the second band). Ordinate units are 
arbitrary. 
narrower bands [cf. Section 2.6.1 . 
In periodic media the linear eigenmodes are the optical Bloch waves (or Floquet-
Bloch waves) which are the solutions to the linearised wave equation in the presence 
of a periodic refractive index modulation [Eq. (1.14)] [14]. Like plane waves the 
Bloch eigenmodes extend to infinity in space, and any beam propagating in the 
periodic structure can be decomposed into a superposition of Bloch waves. To each 
point along the hnear dispersion curves [Fig. 1.9(b)] corresponds a particular Bloch 
wave solution, 
= + (1.15) 
where = + d) is a periodic function with the same periodicity 
as the lattice, and the index n = 1,2, etc. denotes the band number. The Bloch 
waves represent plane waves modulated by periodic functions, which in general 
are complex and have a complicated mode structure. The theory of optical Bloch 
waves makes use of the Bloch theorem in analogy with the description of charged 
particles (electrons) in periodic electronic potentials. Much of the theoretical tools 
and terminology including the band structure representation with bandgaps etc. is 
thus borrowed from the field of solid state physics [11, 14]. The linear diffraction 
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Figure 1.11: Amplitude profiles of Bloch waves associated with the edges of 
the first band (top) and the second band (bottom), at K = 0 (left) and K = ±7r 
(right). Grey shading indicates the corresponding refractive index profile. 
relation for each transmission band is periodic in A:-space as shown in Fig. 1.10. 
Notice that in Fig. 1.10 and hereforth we normalise the transverse wave vector to 
the lattice period k ^ nd such that k = ±m7r defines the Bragg reflection points 
in the band diagram. The diffraction relation for periodic systems is commonly 
represented entirely within the first Brillouin zone (—TT < K < TT) as marked by 
vertical dotted lines in Fig. 1.10. The higher order bands which lie beyond the 
first Bragg reflection gap are folded back into the first Brillouin zone and appear 
in succesive order with decreasing propagation constant below the first band. In 
Fig. 1.10 the second band is thus fully represented by the dashed black line in the 
region —vr < K < TT. 
Figure 1.11(a) shows the transverse Bloch wave profiles associated with the four 
edges of the first and the second band (at K = 0 and K = ±7r). At these spectral 
points the Bloch wave amplitude components are either purely real or imaginary, 
leading to modes with simple uniform or staggered phase structure. In Fig. 1.11 grey 
shading indicates the cosine shaped refractive index modulation. The Bloch wave 
profile at the top of the first band [Fig. 1.11, black] takes the form of a modulated 
plane wave, oscillating about a nonzero mean value with constant phase. The Bloch 
wave profiles at the edges of the Bragg reflection gaps, on the other hand, oscillate 
about zero with a staggered phase structure (TT phase jump between adjacent peaks) 
Fig. 1.11, blue, red, green]. At the bottom of the first band (blue) and the top of 
the second band (red) the amplitude peaks are aligned with the refractive index 
maxima and minima, respectively. At the bottom of the second band (green) the 
Bloch wave oscillation period is halfed, and the amplitude peaks are positioned on 
the slopes of the refractive index modulation. 
Clearly the type of optical beams associated with Bloch waves in the second 
band [Fig. 1.11, red, green], which have their amplitude and intensity maxima 
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Figure 1.12: (a) Linear diffraction relation /?(«;) for waves propagating in a 
one-dimensional periodic structure, (b) Corresponding group velocity Vg — 
df3/dK and (c) diffraction coefficient D = -d'^P/dK?, for the first band (solid 
black), the second band (dashed black) and, for comparison, a bulk medium 
(dashed red). All ordinate units are arbitrary. 
located outside the high index regions, cannot exist in the framework of the simple 
discrete waveguiding picture presented in Section 1.7.2, where light is expected to 
concentrate in the areas of high refractive index, and never between lattice sites. 
1.7.5 Diffraction management 
The linear diffraction relation P{K) determines how optical beams propagate 
and diffract in bulk and periodic media. The strong modification of P{K.) and its 
derivatives caused by the effect of Bragg reflection are an indication of the wealth 
of unique opportunities for beam control offered by periodic structures [Fig. 1.12 
The group velocity Vg, 
df3 
= 
dn 
(1.16) 
is directly related to the propagation direction of a wave associated with a narrow 
spectral region of the diffraction curve. Waves propagate along the normal to the 
slope of the dispersion curve at any given point, and the propagation angle with 
respect to the z axis is 6' = tan~^(fg). In periodic media beams centered at either 
K = 0 or = ±7r propagate straight along the lattice with zero transverse velocity 
because df3/dK = 0 at the bandedges [see Fig. 1.12(b)]. In a bulk medium, on the 
other hand, beams propagate straight only for At = 0. 
Spatially finite beams are composed of a continuum of Bloch waves from within 
a certain spectral range Ak and A/? along the diffraction curve. Linear diffraction 
broadening occurs as a result of the divergence in the group velocity [Eq. (1.16)] 
within the spectral extent of a finite beam. Diffraction is therefore characterised by 
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the second derivative of the diffraction relation, 
where D is the diffraction coefficient associated with a particular point on the dif-
fraction curve. In bulk isotropic media, the dispersion relation is parabolic and its 
curvature is therefore constant [see Fig. 1.12(c)]. This means that an optical beam 
will diffract at the same rate no matter in which direction it propagates (for sym-
metry reasons this should be expected in a bulk medium). Furthermore, since the 
band curvature is negative, spectral components located to the right of 
a beam's central wave vector will propagate more to the right, and vice versa on 
the left side. The minus sign in Eq. (1.17) ensures that the negative curvature of 
the diffraction relation in a bulk medium is associated with a positive diffraction 
coefficient (D > 0). 
In periodic systems, the picture is dramatically different and beam diffraction 
exhibits a lot more variation than in the bulk case. A most peculiar effect of 
periodicity is the possibility of observing anomalous {D < 0) or zero [D = 0) beam 
diffraction, two effects that never occur in bulk media where D > 0 and diffraction is 
always normal (hence the name). Figure 1.12(c) reveals that in a periodic structure 
the value of the diffraction coefficient varies greatly as the transverse wave vector 
K, is scaimed across the Brillouin zone, both in the first (solid black) and second 
(dashed black) bands, whereas D is constant in a bulk medium (dashed red). 
The diffraction coefficient is strongly increased near all Bragg reflection gap 
edges, i.e. at k = ±7r for the first band, and at k = 0 and k = ±n for the second band 
Fig. 1.12(c)]. This is a direct consequence of the appearence of bandgaps which 
locally modify and increase the band curvature near the gap edges [Fig. 1.12(a) . 
In particular, the band curvature is inverted at the bottom of the bands, leading 
to the effect of anomalous diffraction near k = ±n in the first band and K = 0 in 
the second band [see Fig. 1.12(c)]. In regions of anomalous diffraction, the spectral 
components located to the right of a beam's central wave vector will propagate 
more to the left, and vice versa on the left side. On the other hand, the departure 
from bulk diffraction is relatively small at the top of the first band, near K = 0 in 
Fig. 1.12(c). 
Anomalous diffraction has interesting consequences for beam propagation in the 
nonhnear regime, and in structures with a broken lattice symmetry [see Section 1.8 
and Chapter 2]. Between the regions of normal {D > 0) and anomalous {D < 0) 
diffraction, within each band, a region of zero diffraction exists where D = 0, 
corresponding to a locally hnear dispersion relation. Intriguingly, a beam which is 
spectrally confined within this region will experience no linear diffraction broadening 
upon propagation. 
1.8 Discrete and gap solitons 
Section 1.6 discussed how self-focusing nonlinearity can balance beam diffraction 
and lead to the formation of bright spatial solitons in bulk media. In this case the 
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propagating beam effectively induces its own waveguide in a uniform background 
through the effect of self-phase modulation [Fig. 1.5(b)]. In the framework of the 
linear diffraction relation [Fig. 1.9(a)] such soliton formation can be seen as the 
result of nonlinearly increasing the propagation constant /?, and thereby shifting it 
up into the total internal reflection gap at fc = 0. Inside the semi-infinite gap the 
beam is decoupled from the waves associated with the linear diffraction curve, and 
it propagates without diffraction in the form of a soliton. It is clear from this picture 
that in a bulk medium beam self-trapping can occur only when nonhnearity acts 
as to increase the refractive index and correspondingly the propagation constant (3. 
Self-defocusing nonhnearity on the other hand decreases the refractive index and 
pushes P downwards, which leads to increased beam spreading or self-defocusing 
(hence the name). 
Similar to bulk media, periodic structures allow for beam self-trapping to occur 
for self-focusing nonhnearity in the total internal reflection gap in the form of dis-
crete solitons. This process is indicated by the black arrow at the top of the first 
band in Fig. 1.13(a). In addition, periodicity introduces the unique possibihty of re-
alising self-trapping in the Bragg reflection bandgaps in the form of gap solitons, for 
either self-focusing nonhnearity in regions of normal diffraction, or self-defocusing 
nonhnearity in regions of anomalous diffraction. In the former case, gap localisation 
can be achieved by shifting /? upwards from the lower edges of the Bragg reflection 
gaps, e.g. at K = ±7r in the second band [Fig. 1.13(a)]. In the latter case gap lo-
cahsation occurs when P is shifted downwards from the upper gap edges, e.g. at 
K = ±7r in the first band and K = 0 in the second band [Fig. 1.13(b)]. 
In ah cases the modal characteristics of the Bloch waves associated with the 
respective band edges [see Fig. 1.11] are preserved by the self-trapped waves inside 
the gaps. This is illustrated in Fig. 1.13(c) which shows the profiles of self-trapped 
waves originating from the first band (top row) and second band (bottom row), 
for self-focusing (left) and self-defocusing (right) nonhnearity. In Fig. 1.13(c) grey 
shading marks the positions of the high refractive index regions in the lattice. 
The discrete waveguiding model described in Section 1.7.2 predicted two different 
self-trapping scenarios for self-focusing and self-defocusing nonhnearities, leading to 
in-phase [Fig. 1.8(c)] and out-of-phase [Fig. 1.8(d)] solutions, respectively. It is now 
clear that in the framework of continuous wave theory, the first case corresponds to 
self-trapping inside the total internal reflection gap of the in-phase (unstaggered) 
beam associated with the Bloch wave at the top of the first band [Fig. 1.13(c), top 
left], and that the second case corresponds to self-trapping inside the first Bragg 
reflection gap of the out-of-phase (staggered) beam associated with the Bloch wave 
at the bottom of the first band [Fig. 1.13(c), top right . 
On the other hand, the existence of higher order gap solitons originating from the 
edges of the second band [Fig. 1.13(c), bottom left and right] is not accounted for by 
the discrete model. In the discrete waveguiding picture light is expected to concen-
trate in the areas of high refractive index, and never between lattice sites. The Bloch 
waves [Fig. 1.11, bottom left and right] and corresponding solitons [Fig. 1.13(c), 
bottom left and right] associated with the second band have their amphtude and 
intensity maxima located outside the high index regions of the lattice, and therefore 
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Figure 1.13: (a,b) Self-trapping in one-dimensional photonic lattices for 
(a) self-focusing and (b) self-defocusing nonlinearity. The arrows indicate 
the corresponding (a) increase and (b) decrease of the propagation constant 
(c) Schematic amplitude profiles of self-trapped waves originating from 
the edges of the first band (top row) and the second band (bottom row), at 
K = 0 (left) and « = ±7r (right), corresponding to the points marked in (a,b). 
Grey shading in (c) indicates the high refractive index regions of the lattice. 
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cannot exist in the framework of the discrete waveguiding model. 
The different physical origins of the total internal reflection gap and the Bragg 
reflection gaps lead to some fundamental differences with respect to the effect of 
self-trapping in the respective gaps. The total internal reflection gap is semi-infinite 
whereas the Bragg reflection gaps have a finite width (which decreases with the 
gap order). In order to be fully contained within a finite Bragg reflection gap, the 
spectral width of a self-trapped wave must be smaller than the width of the gap, and 
the propagation constant (3 must lie well away from any band edges. If the beam is 
too narrow so that its spectral extent exceeds the gap width, or if the propagation 
contant is shifted too httle or too far across the gap, energy can be coupled to 
diffracting waves in the bands on either sides, which destroys the self-trapped state. 
The finite width of the Bragg refiection gap imposes constraints on the spatial 
beam profile, which cannot be too localised, and on the nonlinear detuning of the 
propagation constant, which cannot be too strong. In practice, this means that for 
self-trapping in a Bragg reflection gap, there is a maximum allowed beam power, as 
well as a minimum soliton beam width determined by the spectral width of the gap. 
In narrow Bragg reflection gaps the minimum soliton width can be on the order of 
several lattice periods, whereas in wide gaps localisation close to a single lattice site 
is possible. In contrast, there are less constraints for discrete self-trapping in the 
total internal reflection gap. In this semi-infinite gap, there is no upper bound on 
the nonlinear detuning, and the minimum soliton width is typically determined by 
the width of the waveguide mode, for localisation at a single lattice site. 
Chapter 3 studies the aspects of soliton width and bandgap width in further 
detail and reveals that the refractive index contrast and hence the bandgap width 
is a measure for the discreteness of the system which can be directly probed by its 
ability to support effecient single site nonlinear localisation. For a high degree of 
discreteness self-trapping at a single lattice site is possible both in the total internal 
reflection gap, and in the flrst Bragg reflection gap, and the analogy between the 
self-focusing and self-defocusing self-trapping scenarios discussed in the framework 
of the discrete model [Section 1.7.2] holds. 
1.9 Historical perspectives 
This Section aims at providing a brief summary of the background and early 
studies of beam self-trapping in nonlinear periodic photonic structures. Focusing 
on experimental work in the field, this short review provides some of the historical 
context and motivation for the research carried out in this thesis. 
The first numerical study of nonlinear dynamics in discrete systems was per-
formed by Fermi, Pasta, and Ulam in 1953. Their famous and pioneering work [15 
considered the evolution of localised excitations in a discrete chain of anharmonic 
oscillators, representing nonhnearly coupled modes of a vibrating string. The dy-
namics of the coupling and energy distribution between different modes proved far 
more rich and complex than expected. As a result, the study sparked an intense 
interest in the dynamics of nonlinear discrete systems across several fields of physics. 
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Meanwhile the experimental study of self-trapping of light in bulk optical media 
was made possible by the invention of the laser and hence the access to high optical 
intensities and strong nonlinearity. Some of the first experimental evidence of beam 
self-trapping was reported as early as 1964 [16] in the form of filament damage in 
glass induced by an intense focused laser beam. Subsequent theoretical studies [17, 
18] established the theoretical basis for the understanding of nonlinear self-trapping 
of Ught in bulk media. 
Around the same time the general concept of the soliton as a nonlinear localised 
wave excitation was developed [19]. Temporal and spatial sohtons, locahsed in either 
time or space, were found to form when nonlinearity balances linear wave dispersion 
or diffraction, respectively. Solitons can occur in a number of different nonlinear 
systems, regardless of the specific meaning attributed to the wave function, and this 
makes solitons a fundamental and universal physical phenomenon. In the framework 
of nonlinear discrete systems, solitons have been found to exist in protein chains in 
biophysics [20], periodic photonic structures [10, 12] in optics, and more recently, 
Bose-Einstein condensates in optical lattices in atomic physics [21 . 
Historically, temporal optical solitons propagating as nondispersing pulses in 
nonlinear optical fibers [5] have received the greatest amount of attention following 
their discovery in 1973 [22] and experimental verification in 1980 [23], in part due 
to their potential importance in optical communication applications. Furthermore, 
the experimental generation of temporal solitons in optical fibers is facilitated by 
the long propagation distances that can be achieved in such systems, as well as 
the ability to engineer waveguide dispersion. Large nonhnear phase shifts can be 
accumulated through self-phase modulation over an extended length of fiber, even 
in case of relatively weak nonlinearity. 
On the other hand, the large refractive index changes, and consequently the high 
power densities required for the formation of spatial sohtons in bulk Kerr nonlinear 
media, remained a major practical issue for many years. Successful observation 
of beam self-trapping was essentially limited to a few cases without great promise 
for practical application, including studies in the late 1980's of sohton propaga-
tion in highly nonlinear hquids [24, 25] and later on in silica glass [26]. Elhptical 
stripe beams [24] or slab waveguides [25, 26] were used to achieve an effective one-
dimensional transverse geometry necessary for stable soliton propagation in bulk 
media [4], and both cases employed pulsed lasers with high peak power to achieve 
a sufficiently large nonlinear response. 
In 1992 [27] it was suggested that the photorefractive nonlinearity [cf. Sec-
tion 1.3] could be used to achieve beam self-trapping in bulk structures at much 
lower laser powers (microwatts) than required by the Kerr nonlinearity, making 
the use of continuous-wave lasers feasible in such experiments. This approach con-
siderably widened the perspectives and opportunities for experimental research on 
spatial solitons [28]. Soon after, photorefractive self-trapping of hght was observed 
experimentally [29, 30], and a number of different experimental settings were sub-
sequently proposed and studied in detail [7, 8, 31], including solitons supported by 
screening nonlinearity in the presence of an external apphed field [7] (as discussed 
in Section 1.3.1), and solitons in photovoltaic photorefractive media such as lithium 
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Figure 1.14: Pictures of the first experimental observation of a discrete soliton 
in an AlGaAs waveguide array (from Ref. [33]). (a) Discrete diffraction at 
low power; (b) partial self-trapping at intermediate power; (c) formation of 
discrete soliton at high power. 
niobate [31 . 
Self-trapping of light in one-dimensional periodic structures was predicted in 
1988 by Christodoulides and Joseph [12], who showed the possible existence of 
discrete solitons in extended planar arrays of coupled waveguides. Such structures 
represent the generalisation of the nonlinear directional coupler [32], and the optical 
analog of discrete atomic chains studied previously in e.g. biophysics [20]. A decade 
later the first experimental observation of one-dimensional discrete solitons was 
reported [33]. In this milestone experiment, the Kerr nonlinearity was used to 
achieve self-trapping of high peak power IkW) femtosecond laser pulses in planar 
AlGaAs waveguide arrays (see Fig. 1.14). 
An important motivation for the study of nonlinear beam propagation in discrete 
optical media was that the linear diffraction can be modified and controlled by 
the strength of coupling between neighboring waveguides, resulting in lower power 
requirements for soliton formation. The use of periodic structures thus allowed for 
overcoming one of the fundamental limitiations encountered in bulk media, where 
diffraction can not easily be engineered. In addition, periodicity and discreteness 
increase the diversity of spatial nonlinear effects, e.g. by allowing for self-trapping 
in the form of out-of-phase solitons in self-defocusing media [13] [cf. Section 1.8]. 
In the years following the first observation of discrete solitons [33] a series of 
detailed experimental studies of discrete sohton dynamics [34] as well as linear dif-
fraction management [35, 36], and discrete self-focusing and self-defocusing [37], 
were performed in planar self-focusing waveguide arrays. Pointing towards applica-
tions of the fundamental effects, novel possibilities for nonlinear beam steering and 
switching based on discrete periodic structures were extensively investigated in the-
oretical works [38-42], although experimental studies of such hnear and nonlinear 
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effects were limited at this point in history [34, 43, 44. 
The excitation of Bloch waves from higher order transmission bands demon-
strated experimentally in 2003 [45] represented one of the next major steps forward, 
leading to the first observations of spatial gap solitons originating from the top of 
the second band [45-47]. Whereas all discrete solitons observed thus far had resided 
in the total internal reflection gap, as in the case of bulk solitons, gap solitons were 
found to be localised inside the Bragg reflection bandgap, therefore representing a 
phenomenon truly unique to periodic systems. Furthermore, nonhnear beam local-
isation in photonic bandgaps highlighted important hnks between spatial solitons 
in periodic structures and light confinement in photonic crystal structures [48-53 
and temporal gap solitons [54-56] observed in nonlinear fiber Bragg gratings [57-59 
The observation of gap solitons in Bose-Einstein condensates [21] in 2004 further 
broadened the scientific scope and potential impact of studies of light propagation 
in nonlinear periodic systems. As a consequence, the observation of higher order 
Bloch waves and gap solitons [45-47] represented an important new development 
leading to enhanced research opportunities in discrete nonhnear optics. 
Initially experimental works in the field had concentrated on the use of planar 
waveguide arrays. In 2002 Efremidis et al. suggested that discrete sohtons could 
also exist in optically induced photonic lattices created by interference of ordinarily 
polarised coherent plane waves in biased photorefractive crystals such as strontium 
barium niobate (SBN) [60]. This novel approach ofi'ered a number of distinctive 
advantages: (i) higher dimensional periodic structures (e.g. square and triangular 
lattices) can be reahsed by interefering three or more plane waves; (ii) the induced 
structures are reconfigurable and dynamically tunable; and (iii) self-trapping can 
be observed at moderate (cw) laser powers due to the strong photorefractive non-
linearity. 
The price paid for the increased flexibility and new opportunities was a com-
plex and bulky experimental setup involving interferometric components and many 
external real-time parameters, as well as a slow nonlinear response on the order 
of seconds. However, optically induced lattices soon proved to be an ideal, ver-
satile testbed for problems in discrete nonlinear optics, and since their introduc-
tion many fundamental effects were demonstrated, including discrete [61-63] and 
gap [47, 61, 64] solitons in one-dimensional [47, 61, 62] and two-dimensional [63, 64 
lattices. 
In addition to planar Kerr waveguide arrays and optically induced lattices, sev-
eral other experimental platforms were suggested and found applicable in the study 
of discrete nonlinear light propagation, including one-dimensional waveguide arrays 
in nematic liquid crystal cells with patterned electrodes [65, 66], planar waveguide 
arrays with quadratic nonlinearity [67-69], and photonic lattices created by fem-
tosecond laser writing in bulk glass [70-72]. The wide range of experimental re-
alisations and studies of nonhnear periodic structures, as well as the rich physics 
associated with beam propagation in such systems, have resulted in a very active 
research field, which encompasses both studies of fundamental effects, and efforts 
oriented towards the apphcation of nonhnear periodic structures in e.g. all-optical 
systems and active devices. 
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1.10 Scope and outline of the thesis 
The nonlinear effects that can be observed in periodic structures strongly de-
pend on available experimental platforms, and are often restricted by e.g. large 
optical power requirements, limited propagation distances, fabrication or stability 
issues, or structural irregularity. Trade-offs between system-specific advantages and 
drawbacks have to be considered in each experimental study. For example, early 
attempts to realise two-dimensional periodic photonic lattices based on multicore 
silica fibers [73] demonstrated the important role of fundamental technical fabrica-
tion challenges and tolerances, and the need to continuously consider alternative 
experimental schemes for the study of the interplay between periodicity and non-
linearity. 
The development of new ideas and the discovery of new physical effects go hand 
in hand with the development of new experimental settings, which again rely in-
creasingly on the advances in microfabrication technology. At the start of this thesis 
a solid experimental basis had already been established in the field of nonhnear beam 
propagation in discrete periodic structures [10], Relevant research challenges there-
fore included: (i) the demonstration and detailed study of novel effects, reaching 
beyond the results of the first pioneering studies in the field, and (ii) the devel-
opment of new experimental platforms allowing for further progress, in particular 
towards the application of fundamental effects in microphotonic devices. 
The aim of the research carried out in this work is therefore two-fold. First, 
we use an estabhshed experimental platform, namely optically induced lattices in 
SBN crystals, for carrying out elaborate studies of beam propagation in nonlinear 
periodic structures, exploring complex nonlinear beam interactions, and new lattice 
configurations and geometries. Then we study new opportunities offered by high 
quality fabricated photonic microstructures. We demonstrate discrete self-trapping 
of light in waveguide systems based on planar LiNbOs wafers, and develop a novel 
experimental platform for discrete nonlinear optics based on two-dimensional tun-
able lattices in microstructured fibers infiltrated with nonlinear liquids. 
The structure of the thesis and the relation between the researched areas, with re-
spect to the involved lattices geometries and types of nonlinearity, are shown graph-
ically in Fig. 1.15. The diagram illustrates the progression from optically induced 
lattices with self-focusing nonlinearity [Fig. 1.15(a,c)] to fabricated photonic struc-
tures with self-defocusing nonhnearity [Fig. 1.15(b,d)], and from one-dimensional 
systems [Fig. 1.15(a,b)] to two-dimensional systems [Fig. 1.15(c,d)]. In all cases we 
study linear and nonlinear transverse beam propagation effects associated with the 
interplay between periodicity and nonlinearity, focusing in particular on effects that 
can be used to achieve nonlinear or dynamically tunable control of the beam evolu-
tion. The introduction of compact, fabricated periodic structures such as waveguide 
arrays [Fig. 1.15(b)] and microstructured optical fibers [Fig. 1.15(d)] represents an 
important step from fundamental research in the field towards the implementation 
of demonstrated effects in applications in e.g. integrated microphotonic systems. 
The work described in Chapter 2 represents an extension to the first pioneering 
experiments on linear and nonlinear light propagation in one-dimensional optically 
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Figure 1.15: Graphical overview of the structure of the thesis, and the relation 
between individual research topics. The investigated experimental systems 
are (a) one-dimensional optically induced lattices (Refs. [74-76]); (b) planar 
LiNbOs waveguide arrays (Refs. [77, 78]); (c) triangular optically induced lat-
tices (Ref. [79]); and (d) infiltrated photonic crystal fibers (PCFs) (Ref. [80]). 
The work covers studies of beam propagation in one-dimensional (ID) and 
two-dimensional (2D) periodic structures (left and right column), with self-
focusing and self-defocusing nonlinearity (top and bottom row). The large ar-
rows indicate the progression from (i) optically induced to fabricated photonic 
structures (vertical direction), and (ii) one-dimensional to two-dimensional 
lattice geometries (horizontal direction). 
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induced lattices in photorefractive crystals [47, 61, 62], We employ a flexible and 
reconfigurable setup to study a range of novel effects aimed at tunable and nonlinear 
spatial beam control in one-dimensional photonic lattices. In particular we focus on 
demonstrating experimental schemes with potential in dynamic beam manipulation 
and beam steering. We study effects resulting from nonhnear interaction of beams 
associated with the edges of the first and second transmission bands of a one-
dimensional lattice [74], We then demonstrate electro-optically tunable steering 
of the same types of beams in a tilted lattice of variable depth [75]. Finally we 
demonstrate optically controlled steering of self-trapped beams in lattices modulated 
by a third coherent plane wave control beam [76 . 
A benchmark experiment in discrete nonlinear optics is the observation of linear 
diffraction and nonlinear self-trapping in periodic structures. Most previous studies 
in the field have focused on systems with self-focusing nonlinearity. In Chapter 3 
we introduce the use of planar LiNbOa in the study of discrete nonhnear beam 
propagation in one-dimensional lattices with self-defocusing nonlinearity. We study 
the crossover from self-defocusing in bulk and weakly modulated systems to discrete 
self-trapping in lattices with higher refractive index contrast, and experimentally 
demonstrate single-site nonlinear beam locahsation in the form of gap sohtons with 
staggered phase structure [77]. In addition, fabricated waveguide arrays offer novel 
opportunities for studying boundary or surface effects near the edges of periodic 
structures. In Section 3.6 we present the first experimental observation and detailed 
study of surface gap solitons excited at the edge of a LiNbOs waveguide array [78 . 
Two-dimensional structures offer a wide range of transverse periodic geometries, 
including the triangular (or hexagonal) lattice, which is widely employed in photonic 
crystal fibers and planar two-dimensional photonic crystal structures, but remains 
largely unexplored in the context of self-trapping in nonhnear lattices. In Chapter 4 
we study the fundamental effect of self-trapping in triangular optically induced 
lattices created by three wave interference in a biased SBN crystal. Self-trapping of 
beams associated with the first and second transmission bands, in the total internal 
reflection and Bragg reflection gaps, respectively, is demonstrated for self-focusing 
nonlinearity [79]. Finally, inflltrating the cladding region of a photonic crystal fiber 
(PCF) and using the structure as a nonlinear triangular lattice, we experimentally 
demonstrate highly tunable beam diffraction and thermal self-defocusing and, based 
on these effects, realise a compact all-optical power limiter [80 
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CHAPTER 2 
3eam interaction and steering in optically 
induced lattices 
2.1 Introduction 
As discussed in Section 1.7, periodic structures have the ability to strongly mod-
ify the diffraction of optical beams. In particular, they allow for both enhanced 
normal and anomalous diffraction to occur near the edges of the Bragg reflection 
gap. Diffraction engineering based on such effects is explored in many fundamental 
studies of light propagation as well as in a number of photonic devices. 
Beams that experience either normal or anomalous diffraction spread in a similar 
manner upon linear propagation in a straight photonic lattice, despite the fundamen-
tal differences in e.g. their spatial profile. However, dramatic differences between 
the two regimes of diffraction manifest themselves when either nonlinearity comes 
into play, or when the symmetry of the lattice with respect to the direction of light 
propagation is broken. 
This Chapter aims at exploring such interplay between nonlinearity, diffrac-
tion and lattice symmetry in one-dimensional photonic lattices. We study in detail 
the nonlinear coupling of beams associated with different Bloch waves in the first 
and second transmission bands (Section 2.5), their refraction in tilted lattices (Sec-
tion 2.6), and optically controlled beam steering in modulated lattices (Section 2.7). 
We demonstrate a number of fundamental effects which are unique to systems that 
display nonlinearity, periodicity and tunability, and which enable novel experimental 
approaches to achieving dynamic spatial control of light with potential applications 
in all-optical switching and beam steering. 
Optically induced lattices in a photorefractive strontium barium niobate (SBN) 
crystal are employed as the experimental platform for our studies. Because of their 
great flexibility, optically induced lattices represent an ideal testbed for the search 
for and demonstration of novel effects associated with light propagation in nonlinear 
periodic systems. 
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Figure 2.1: Schematic of the optical induction of (a) one-dimensional, (b) two-
dimensional square, and (c) two-dimensional triangular photonic lattices by 
plane wave interference in a biased photorefractive crystal (SBN). Lattice 
beams are ordinarily polarised while probe beams are extraordinarily po-
larised and propagate along the longitudinal lattice direction as indicated by 
the arrows. 
2.2 Optically induced lattices in photorefractive crystals 
In 2002 Efremidis et al. [60] introduced the idea of using plane wave interfer-
ence inside a biased photorefractive crystal to achieve reconfigurable and tunable 
periodic photonic structures with access to strong nonlinearity at microwatt power 
levels. Since its discovery the technique has proved to be extremely useful for many 
fundamental studies of nonlinear periodic systems, as discussed in Section 1.9. 
The optical induction technique relies on the fact that photorefractive crystals 
such as strontium barium niobate (SBN) have highly anisotropic properties [of. Sec-
tion 1.2.2], and that in particular the electro-optic coefficient is much larger for light 
extraordinarily polarised along the crystalline c-axis (optic axis) than for light of 
the orthogonal (ordinary) polarisation [60]. In an SBN crystal biased externally 
along the c-axis, extraordinarily polarised hght is thus subject to strong photore-
fractive screening nonhnearity [cf. Section 1.3.1], whereas ordinarily polarised light 
propagates essentially linearly at similar power levels. 
The process of photo-excitation of mobile charge carriers and the generation of 
strong space-charge fields underlying the electro-optic refractive index modification, 
however, is itself independent of the hght polarisation. Optical lattices created by 
the interference of ordinarily polarised plane waves (broad beams) can therefore be 
used to write a refractive index modulation in the photorefractive crystal without 
themselves being scattered by it, or subjected to strong nonhnearity. Extraordinarily 
polarised probe beams, on the other hand, will feel the induced photonic lattice, as 
well as a strong photorefractive screening nonlinearity. 
The depth of the refractive index modulation achieved for the extraordinary po-
larisation is typically on the order of a few times 10"^ [60] which allows for many 
discreteness and periodicity effects to occur in optically induced lattices. Further-
more, the lattice contrast and hence the bandgap structure associated with the 
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periodic refractive index modulation can be varied by changing the strength of the 
apphed bias field. Optically induced lattices are thus an example of externally tun-
able structures. The tunable lattice contrast allows for adjustment of experimental 
parameters for optimal performance in a given situation, or for implementing dy-
namic functionality such as demonstrated in Section 2.6. 
Figure 2.1 shows schematically the optical induction of (a) a one-dimensional 
lattice, (b) a two-dimensional square lattice, and (c) a two-dimensional triangular 
(or hexagonal) lattice, created by the interference of two, four, and three ordinarily 
polarised plane waves, respectively. Probe beams are extraordinarily polarised and 
propagate along the lattices as indicated by the arrows in Fig. 2.1. The experiments 
described throughout this Chapter are concerned with linear and nonlinear beam 
propagation in one-dmensiona/optically induced lattices [Fig. 2.1(a)], whereas Sec-
tion 4.2 in Chapter 4 is devoted to the study of the two-dimensional triangular 
geometry [Fig. 2.1(c) . 
In addition to the plane wave interference technique employed in our exper-
iments, nondiffracting nonlinear (solitonic) propagation of amplitude modulated, 
partially coherent lattice writing beams has also proven an attractive approach for 
realising nonlinear optically induced lattices of various geometries [63, 81-83]. This 
method has a number of distinctive advantages, including in particular the possibil-
ity of incorporating defects into different lattice structures [84, 85], and of studying 
effects arising from nonlinear interaction between lattice and probe beams [86, 87]. 
The stability of this type of nonlinear lattices, however, can be an issue. 
2.3 Experimental setup 
In our experiments we use a 15 x 5 x 5 mm photorefractive Sro.6Bao.4Nb50i5 
(SBN:60) crystal which is biased along its crystalhne c-axis with a polarity resulting 
in a self-focusing type screening nonhnearity [7] [cf. Section 1.3.1]. In the uniaxial 
SBN crystal the relevant Pockels coefficients are approximately rass = 280pm/V for 
extraordinarily polarised light and rus = I3pm/V for ordinarily polarised hght at 
visible wavelengths [88, 89 . 
A one-dimensional optically induced lattice is created inside the crystal by in-
terfering two ordinarily polarised broad beams from a frequency-doubled Nd:YV04 
laser at 532 nm. The beam width is on the order of several milhmeters to ensure near 
diffractionless propagation of the lattice writing beams inside the 15 mm long crys-
tal. The lattice is modulated in the horizontal direction, and invariantly extended 
in the vertical and longitudinal directions [cf. Fig. 2.1(a)]. The modulation period 
can be adjusted over a wide range by changing the angle between the interfering 
beams. In most of the experiments described here the period is 19 /xm. 
By varying the externally applied bias voltage (typically in the range 1.5-2.5 kV) 
it is possible to tune the amphtude of the refractive index modulation of the induced 
lattice, as well as the strength of the nonhnearity experienced by the extraordinarily 
polarised probe beams. The crystal is homogeneously illuminated with a variable 
white light source in order to control ihe saturation of the photorefractive nonhn-
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Figure 2.2: Experimental setup for the study of Bloch wave propagation in 
one-dimensional optically induced lattices in a photorefractive SBN:60 crys-
tal. M - mirror, A/2 - half-wave plate, PBS - polarising beam splitter, BS -
beam splitter, Piezo M - piezoelectrically actuated mirror. Shaded rectangles 
mark the ordinarily polarised lattice beam arm (left), and extraordinarily 
polarised probe beam arm (right). Crystal bias voltage and background illu-
mination are externally controlled. 
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earity. 
A schematic illustration showing the essential features of the experimental setup 
is shown in Fig. 2.2. The linearly polarised cw beam emitted by the laser is at-
tenuated and split into two arms by a polarising beam sphtter (PBS) cube. The 
shaded rectangles outlined with dashed hnes in Fig. 2.2 provide a visual distinction 
between the two main beam arms containing the ordinarily polarised lattice beams 
(left) and the extraordinarily polarised probe beams (right). A half-wave plate in 
front of the PBS allows for controlling the relative power carried by each of the arms, 
and additional half-wave plates, polarisers, and neutral density filters (not shown) 
allow for controlling the attenuation of all lattice and probe beams separately. 
The ordinarily polarised beam is spht into two individual lattice beams in a 
Mach-Zehnder interferometer and recombined such that they propagate through 
the crystal at a small angle relative to each other, which defines the transverse 
period of the plane wave interference pattern. The beams cross inside the crystal in 
order to maximise the region of overlap and hence the extent of the induced lattice. 
For a beam diameter of 2.5 mm and a modulation period of 19 fim, the induced 
lattice contains well over 100 sites. 
The total power of the lattice writing beams is 0.3 — 0.6 mW, and the relative 
intensity of the two beams can be adjusted. If the beams carry uneven power, the 
contrast of the interference fringes is reduced, resulting in a constant background 
illumination which provides an additional means to control the photorefractive sat-
uration. The optical path difference and hence the relative phase between the two 
interfering lattice beams is controlled by reflecting one beam off a mirror which can 
be displaced by a piezoelectric actuator. This allows for dynamically adjusting the 
transverse position of the maxima of the induced refractive index modulation. 
The extraordinarily polarised beam is split into two separate probe beam arms, 
which are used to excite different types of Bloch waves in the lattice, as described 
in Section 2.4 below. After passing through the crystal lattice and probe beams 
are separated by a polarising beam splitter cube. The intensity distributions at the 
crystal output face are imaged onto individual CCD cameras (Pulnix) which are 
interfaced to monitors and computers for data acquisition. 
The input probe and lattice beams can be imaged behind the beam splitter 
placed immediately in front of the crystal, as indicated by the green dashed line 
in Fig. 2.2. This allows for monitoring the position of the probe beams and the 
lattice fringes at the crystal input face, even when the bias voltage is turned on and 
imaging through the crystal is impossible. Furthermore, rotating this beam sphtter 
allows for controlling the tilt of the optical lattice with respect to the direction 
of propagation of the probe beams. These two features are important for general 
alignment purposes and in particular for the experiment on beam propagation in 
tilted lattices described in Section 2.6 below. 
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Figure 2.3: (a) Dispersion of Bloch waves in a one-dimensional optically in-
duced lattice; the bands are shaded, (b) Bloch wave amplitude profiles at the 
gap edges (solid) and their leading-order Fourier components (dashed), super-
imposed on the normalised refractive index profile (shaded). The wavelength 
is A = 532 nm, the lattice period 19 ^m, the refractive index modulation 
1 X 10"'', and the normalised background and grating intensity parameters lb 
and Ig are assumed to be unity. 
2.4 Selective excitation of Bloch waves 
In this Section we demonstrate how to experimentally generate beams with spe-
cific diffractive properties associated with different regions of the photonic bandgap 
diagram. As discussed in Section 1.7.4 light propagates in periodic structures in 
the form of Bloch waves. To experimentally study a specific point in the bandgap 
diagram [Fig. 1.10] energy must be selectively coupled into the Bloch wave asso-
ciated with that particular spectral region. The amount of light coupled into a 
given Bloch wave depends on its mode field overlap with the input beam, and it is 
therefore important to know the exact profile of the different Bloch waves in play. 
Let us consider the three regions of interest marked in Fig. 2.3(a), namely the 
top and bottom of the first band, and the top of the second band. Figures 2.3(a,b) 
show the calculated bandgap diagram along with the Bloch wave profiles at the 
band edges, respectively, for a typical one-dimensional optically induced lattice with 
a refractive index modulation of 1 x 10"^, for the wavelength A = 0.532 /xm, and a 
lattice period of 19 fim. At the top of the two bands diffraction is normal, whereas 
at the bottom of the first band diffraction is anomalous. 
The Bloch wave at the top of the first band takes the form of a modulated plane 
wave [Fig. 2.3(b) top], i.e. its amplitude oscillates around a nonzero value, with 
the period of the underlying lattice. The position of Bloch wave and index maxima 
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Figure 2.4: (a) Schematic of the excitation of Bloch waves with (1) a single 
beam and (2) a pair of beams incUned at the Bragg angle in opposite direc-
tions. (b-d) Experimental intensity profiles of (b) the optical lattice, (c) the 
single input beam, and (d) the two-component input beam. The lattice period 
is 19 /im. 
coincide, and the phase is uniform like that of the plane wave. Of all Bloch waves 
this is the one that most resemble the plane wave eigenmode of free space and bulk 
media, and indeed it can be well approximated by a plane wave (its leading order 
Fourier component is the nonzero constant about which it oscillates) [Fig. 2.3(b) top, 
dashed . 
The Bloch waves associated with the edges of the Bragg reflection gap have a 
more complex symmetry. They correspond to pairs of counterpropagating waves 
which are near resonant with the lattice Bragg grating. Their amplitudes oscillate 
around zero such that each peak is tt out of phase with its neighbours, i.e. the 
phase structure is staggered. At the bottom of the first band the peaks are aligned 
whereas at the top of 
For 
with the index maxima of the lattice [Fig. 2.3(b), middle 
the second band they are ahgned with the index minima [Fig. 2.3(b), bottom 
larger index modulation the profile of the second band wave develops a double peak 
structure with a local minimum at the points of lowest index contrast [47] (this is 
not evident in the case shown in Fig. 2.3(b) bottom). To the first order, both Bloch 
waves at the edges of the Bragg reflection gap can be approximated by a sinusoidal 
fleld distribution aligned with either the maxima (bottom of flrst band) or minima 
(top of second band) of the refractive index modulation. 
Experimentally the Bloch wave associated with the top of the first band can be 
excited by a single Gaussian input beam propagating straight into the lattice as 
illustrated in Fig. 2.4(a) (beam 1). A spectrally pure excitation of Bloch waves in 
principle requires broad input beams extraiding over many lattice periods. However, 
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we are typically interested in studying much narrower beams of a width comparable 
to the lattice period, in order to observe e.g. discrete diffraction and self-trapping 
in the lattice. In this case the spectral extent of the Bloch wave excitation by a 
focused Gaussian beam will not be strictly limited to the region near the top of 
the band, but can indeed cover the whole Brillouin zone. Nevertheless, the linear 
excitation will be spectrally centered around the point at the top of the band. 
Each of the two Bloch waves associated with the edges of the Bragg reflection 
gap can be excited by the sum of two coherent input beams inclined at the Bragg 
angle in opposite directions as illustrated in Fig. 2.4(a) (beams 2). The beams 
overlap at the lattice input face and create an interference pattern with fringes that 
approximately match both Bloch wave profiles and their staggered phase structure. 
Excitation of each of the waves at the bottom of the first band, and the top of the 
second band, is achieved by aligning the interference fringes with either the lattice 
maxima or minima, respectively [cf. Fig. 2.3(b)]. 
Figure 2.2 shows how the single Gaussian and the two-component input beams 
are generated experimentally in the extraordinarily polarised probe beam arm of the 
setup. A beam expanding telescope is used to decrease the width of the Gaussian 
beam waist in the focal point to the desired value for excitation at the top of the 
first band. Similar to the lattice beams, the staggered input beams are created in 
an interferometer that allow for adjusting the relative angle between the beams and 
hence the period of the interference fringes. One interferometer arm is reflected of 
a piezoelectrically actuated mirror which allows for controlling the relative phase 
between the beams and hence the horizontal alignment of the interference fringes 
at the lattice input. 
Cylindrical lenses of 20 cm focal length are used to focus the probe beams in the 
horizontal direction at the crystal input face. The beams thus propagate through 
the crystal as vertically extended stripe beams. The single Gaussian beam is focused 
to a full width at half maximum (FWHM) comparable to the lattice period, i.e. 15 
to 30 /im, depending on the particular experiment. The inclined input beams are 
spectrally located near the edge of the first Brillouin zone [Fig. 2.3(a)] where the 
band curvature and hence linear diffraction is greatly enhanced. Therefore they 
are focused to a FWHM of 70 //m, a factor of two or three wider than the single 
Gaussian, in order to achieve a comparable degree of spreading of all probe beams 
upon linear propagation through the lattice. The lattice period is typically 19 or 
20 //m. 
The right hand part of Fig. 2.4 shows the experimental intensity profiles at the 
crystal front face of (b) the optical lattice, (c) the single Gaussian input beam, 
and (d) the two-beam interference pattern when aligned with the lattice maxima 
for excitation of the Bloch wave at the bottom of the first band. White and grey 
shading schematically represent the areas of low and high refractive index, respec-
tively [cf. Fig. 2.4(b)]. It is not possible to excite both types of staggered Bloch 
waves simultaneously in the experiment, but varying the relative phase of the input 
beams provides an experimentally convenient way to switch between excitation of 
each of them. It is worth to note that the beam envelope remains unchanged as the 
interference fringes are shifted, and that the possible asymmetry resulting from this 
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Figure 2.5: Experimental selective excitation of Bloch waves at (a) the top of 
the first band, (b) the bottom of the first band, and (c) the top of the second 
band. The plots show the measured intensity distribution at the crystal 
output after linear propagation of the probe beams in the lattice. The input 
beam width was 30 ^m for single-beam excitation in (a), and 70 /xm for 
two-beam excitation in (b) and (c). 
is minimal since the beams are broad compared to the fringe period. 
Figure 2.5 presents the experimentally observed selective excitation of linear 
Bloch weaves at (a) the top of the first band, (b) the bottom of the first band, and 
(c) the top of the second band. The plots show the transverse (horizontal) intensity 
distribution measured at the crystal output for a bias voltage of 2kV. The output 
beams possess the unique characteristics of the three considered Bloch waves. The 
Gaussian beam evolves into the modulated wave with uniform phase structure at 
the top of the first band [Fig. 2.5(a)]. The two-component beams excite either the 
first or second band staggered Bloch wave, depending on the alignment with the 
lattice. All excitations are exceptionally pure with negligible beam asymmetry and 
only minor mixed excitation visible in the tails of the beams. The phase structure of 
the excited waves can be measured by interfering the output beams with a reference 
plane wave [see Chapter 3]. The characteristic double peak structure of the second 
band beam appears at higher lattice contrast for bias voltages above ~ 1.5 kV. 
All excited Bloch waves propagate straight down the lattice with zero transverse 
velocity, and for all three beams the output width is about a factor of two larger 
than the input width due to linear diffraction. 
The two-beam excitation method provides efficient and fully controlled excita-
tion of immobile staggered Bloch waves [46, 47, 90, 91]. The majority of the input 
power is coupled directly into the desired Bloch wave which propagates straight 
down the lattice with zero transverse momentum thanks to an exact power balance 
between the two inclined input beams. In comparison, simple excitation by a single 
inclined input beam [45, 92] leads to far less efficient excitation due to strong Bragg 
reflections from the periodic structure, and the excited waves propagate across the 
lattice with nonzero transverse momentum. An alternative prism coupling method 
allowing for specific Bloch wave excitation in planar waveguide arrays was demon-
strated in a recent work [93 . 
The ability demonstrated in our experiment to selectively excite specific Bloch 
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waves, and to independently control parameters such as beam width, power, and 
propagation direction, opens up the possibility to study in detail the linear and 
nonlinear characteristics of beams with different diffractive properties. 
2.5 Nonlinear beam interactions 
Despite the fundamental differences in their nature, beams that experience nor-
mal and anomalous diffraction spread in a similar manner upon linear propagation 
in a straight photonic lattice [cf. Fig. 2.5]. However, dramatic differences between 
the two types of diffraction manifest themselves when nonlinearity comes into play. 
In the case of self-focusing nonlinearity, self-trapping of hght is possible in the nor-
mal diffraction regime, whereas the opposite effect, i.e. increased beam spreading, 
occurs in the anomalous diffraction regime [cf. Section 1.8]. 
Nonlinearity thus provides a means of probing and studying the diffractive prop-
erties of beams in periodic structures. 
In addition nonlinearity introduces the possibility to study nonlinear interaction 
of waves through the effect of cross-phase modulation, i.e. the fact that a non-
linear index change induced by one beam is experienced simultaneously by other 
co-propagating beams. In this Section we study in detail such nonhnear coupling of 
beams associated with different Bloch waves in a photonic lattice and, among other 
effects, experimentally demonstrate mutual focusing of first and second band beams 
in the normal diffraction regime [74]. 
Mutual beam focusing is a fundamental nonlinear effect which is closely related 
to the existence of multi-component spatial solitons that are mutually trapped 
through cross-phase modulation. Mutual focusing indeed represents the experi-
mental precursor for the formation of such vector solitons which exist even in ho-
mogeneous dielectric media [4], In periodic systems, vector solitons consisting of 
mutually coupled components localised in different bandgaps have been predicted 
theoretically [94-97]. Previously it has been demonstrated experimentally that par-
tially coherent beams can excite modes in several gaps that experience mutual 
trapping in media with slow photorefractive nonlinearity [98]. Also, mutual focus-
ing of orthogonally polarised waves excited in different bands, as well as formation 
of single-polarisation multiband breathers, was observed in AlGaAs waveguide ar-
rays [99, 100]. Coherently coupled multiband vector breathers were also observed 
in liquid crystal waveguide arrays [101 . 
The setup described in Section 2.3 above is designed to allow for simultaneous 
excitation of mutually incoherent waves associated with the edges of the first and 
second transmission bands, and for independent control over the beam width and 
amplitude of these waves. This flexibility enables us to reveal novel multiband beam 
interaction effects in regimes that were not accessed in other experimental studies 
of interband mutual coupling [98-101]. In particular, we demonstrate an inherent 
modal asymmetry in the effect of discrete mutual focusing of beams generated at 
the upper edges of the first two transmission bands. In addition, we study in detail 
the complex interaction of waves exhibiting diffraction of different magnitude and 
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sign, and observe simultaneous beam focusing and defocusing, as well as discrete 
beam break-up and reshaping within the first transmission band. 
2.5.1 Experimental setup 
We use the generic setup described in Section 2.3 and shown in Fig. 2.2. The 
single Gaussian and two-component probe beams are made mutually incoherent by 
vibrating a piezoelectrically controlled mirror placed in the single-beam arm [cf. 
Fig. 2.2] at high frequency (a few hundred Hz). Unless otherwise stated, the two 
single beam and the two-component probe beams have an input full width at half 
maximum (FWHM) of 17 ± 3 ^m. and 70 ± 3 //m, respectively. Since the nonlinear 
response time of the crystal is on the order of a few seconds, each probe beam 
output can be recorded separately by blocking the other probe and lattice beams 
immediately (<1 s) before taking a snapshot image of the intensity distribution. 
2.5.2 Interband mutual focusing 
We first study discrete interband couphng of the two beams associated with the 
Bloch waves at the top of the first and the second band [Fig. 2.5(a) and (c)]. Both 
exhibit normal diffraction and can therefore become self-trapped at higher powers 
by the self-focusing nonlinearity. This leads to the possibility of observing mutual 
focusing since each beam is capable of inducing a local lattice defect that traps the 
other component. In order to form true vector solitons the power of each component 
must be smaller than the nonlinear threshold required for soliton formation, such 
that only the combined beam power allows for mutual focusing and trapping of both 
beams. However, the effect of mutual focusing itself can occur for a wide range of 
different relative and absolute beam powers. 
Here we investigate the extreme cases in which the power of the two probe beams 
are strongly imbalanced, i.e. only one component at a time propagates nonlinearly. 
We initially set the power of both beams at a low (nW) level so that they propagate 
in a linear regime. Then the power of one of the components is increased and 
the nonlinear effect on both beams is studied. Finally the roles of the beams are 
switched, and the effect of the nonlinear propagation of the second component is 
studied. 
This approach facilitates clear experimental observation of the individual non-
linear coupling effects, and in addition allows for studying the possible asymmetry 
of the interactions, resulting from the fact that co-propagating beams of different 
nature may produce fundamentally different self-action effects and therefore influ-
ence each other differently when coupled nonlinearly. As we shall see this is the 
case for all the Bloch waves considered here. 
Figure 2.6 shows the result of increasing the power of the fundamental first band 
beam (black). Transition from discrete diffraction of this beam in the linear regime 
Fig. 2.6(a), top] to self-focusing at higher power [Fig. 2.6(b), top] is accompanied 
by a decrease in the FWHM of the broader co-propagating second band beam (red) 
by almost a factor of two [Fig. 2.6(a,b),' bottom]. The width of the second band 
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Figure 2.6: Experimental results for interband mutual focusing of the beams 
generated at the top of the second band (red) and top of the first band (black). 
(a) Both components at low power, (b) First band beam at high power and 
second band beam at low power (70 nW). (c) Beam width vs. power of the 
first band beam. Solid curves are exponential fits to the data points. 
beam is estimated by a Gaussian envelope fitting, whereas we describe the width 
of the first band beam by the discrete second order central moment of the three 
central lattice sites, calculated as w'^ = dP[2P_i + Po + 2P i ) / (F_i + Po + Pi), where 
d is the lattice period and the intensity of the n—th site. The beam width is 
then characterised by 2w. To investigate the effect in further detail, we measure 
the degree of focusing of both components as a function of power of the first band 
beam. The result is shown in Fig. 2.6(c), and we notice that the width of the passive 
second band beam asymptotically shrinks from ~ 180/im to ~ 90/im, whereas the 
focusing effect is relatively small for the first band beam itself. In all experiments 
described here beam powers are measured as the total output from the crystal back 
face. 
Interband focusing is also observed if, conversely, the power of the first band 
component is maintained at a low level and that of the second band beam is in-
creased [Fig. 2.7]. However, the nonlinear defect induced by the second band beam 
is rather broad and weak, and therefore a less pronounced focusing of the first band 
beam is observed in this case. In fact, it was necessary to slightly increase the 
input width of the first band beam to 20 /tm in order to reduce diffraction and 
thereby facilitate focusing. This is why in this case no clear discrete diffraction is 
observed for hnear propagation of the first band beam in Fig. 2.7(a). Figure 2.7(c) 
maps the observed beam profiles as a function of the second band beam power in a 
two-dimensional plot, and the gradual focusing of both beams is clearly visible. 
The observed asymmetry in the strength of the coupling between the bands re-
flects the fact that the physics of light localisation in the total internal reflection 
gap (first band) and in the Bragg reflection gap (second band) is quite different. 
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Figure 2.7: Experimental results for interband mutual focusing of the beams 
generated at the top of the first band (black) and top of the second band (red). 
(a) Both components at low power, (b) Second band beam at high power 
(900 nW) and first band beam at low power (100 nW). (c) Two-dimensional 
visualisation of output profiles for increasing power of the second band beam. 
Indeed, a discrete soliton in the total internal reflection gap creates a narrow and 
strongly localised defect, whereas both the minimum width and the maximum in-
tensity of a Bragg gap soliton are limited due to the finite spectral width of the 
Bragg reflection gap. This means that there is also a limit to the trapping strength 
of the self-induced second band defect. The generic features of these different light 
trapping mechanisms may well account for the saturating focusing of the second 
band beam [Fig. 2.6(c)], and the observed interband couphng asymmetry, i.e. the 
fact that the two beams are not equally capable of trapping each other. The above 
observations together represent the demonstration of mutual focusing of two mu-
tually incoherent beams originating from different bands. This effect is responsible 
for the formation of multigap vector solitons as predicted theoretically [94-97 . 
2.5.3 Interaction of beams with normal and anomalous diffraction 
Whereas mutual focusing of coupled beams is expected to occur in the normal 
diffraction regime, it is not obvious what will happen if several beams from regimes 
of different diffraction are allowed to interact nonlinearly. Here we study the intra-
band coupling of the two waves associated with the top and the bottom of the first 
band [Fig. 2.5(a) and (b)]. These waves exhibit normal and anomalous diffraction, 
respectively, and therefore the first self-focuses while the second experiences defo-
cusing as a result of the self-focusing nonlinearity. However, the picture is more 
complicated when the two waves interact via the nonlinear medium. 
We show that in this case nonhnear beam coupling can lead to simultaneous 
focusing and defocusing and to complex effects such as discrete beam-breakup or 
reshaping. Indeed, when the power of the beam associated with the bottom of the 
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Figure 2.8: Experimental results for coupling of beams at the top (black) 
and bottom (blue) of the first band, (a) Both components at low power, 
(b) Bottom of first band at high power and top of first band at low power 
(100 nW). (c) Beam width vs. power of the beam at the bottom of the first 
band. 
band is increased [Fig. 2.8] it does spread out stronger due to self-defocusing (blue). 
However, it still induces a lattice defect that causes the beam at the top of the band 
(black) to focus, thus leading to simultaneous focusing and defocusing of beams 
belonging to different parts of the bandgap spectrum. Figure 2.8(c) shows that the 
corresponding beam widths respectively decrease and increase almost linearly as a 
function of the power of the beam at the top of the band. 
It is important, though, to point out that whereas the interband mutual focus-
ing discussed in Section 2.5.2 above can lead to the formation of stable multi-gap 
vector solitons, the intraband coupling effects responsible for the observed simul-
taneous focusing and defocusing [Fig. 2.8] are inherently transient in nature since 
the two beams will eventually decouple from each other at longer propagation dis-
tances. However, from the point of view of applications in spatial beam control, 
soliton formation is not necessarily required. Even spatially transient effects may 
be sufficient for achieving effective beam manipulation functionalities such as beam 
steering, switching, or reshaping. 
In the opposite case [see Fig. 2.9], the beam at the top of the band self-focuses at 
high powers, but induces a repelling defect for the defocusing beam at the bottom of 
the band. We observe that as the power of the fundamental beam is increased, the 
beam at the bottom of the band undergoes a complex spatial reshaping. The two 
lattice sites next to the central one are increasingly depleted as the power increases 
Fig. 2.9(b) and Fig. 2.9(c) the output Eventually, at high power [Fig. 2.9(c) 
profile is composed of a single centrally localised peak and two discretely repelled 
outer lobes. Clearly, this complex beam reshaping cannot be described by a simple 
envelope approximation and calls for further investigations. 
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Figure 2.9: Experimental results for coupling of beams at the bottom (blue) 
and top (black) of the first band, (a) Both components at low power (50 nW). 
(b) Top of first band at intermediate power (1.5 /xW) and bottom of first band 
at low power, (c) Top of first band at high power (4.0 fiW) and bottom of 
first band at low power. 
2.5.4 Numerical simulations 
To support our experimental results and to more closely examine the features 
associated with discrete localisation and beam shaping effects for waves with op-
posite diffraction properties within the first band, a series of extended numerical 
simulations were performed. 
Propagation of several mutually incoherent beams in an optically induced lat-
tice is described by a system of coupled nonlinear Schrodinger equations for the 
normalised beam envelopes ipn{x,z) [cf. Section 1.2.6], 
dz dx^ 
(2.1) 
where / = Xln I'^nP i® t^® total beam intensity, x and z are the transverse and prop-
agation coordinates normalised to the characteristic values Xo and zq, respectively, 
D = zoX/{4TTnoxl) is the beam diffraction coefficient, no is the average refractive 
index of the medium, and A is the wavelength in vacuum. The total refractive index 
change induced by (i) the lattice beams and (ii) the nonlinear self-action of the 
probe beam is characterised by the function 
7 (2.2) 
where h is the constant dark irradiance (background illumination), Ip{x) = 
IgCOS^{TTx/d) is the interference pattern which induces a one-dimensional lattice 
with period d, and 7 is a nonlinear coefficient proportional to the applied DC 
field [28, 61, 62]. Equation (2.2) takes into account the saturable nature of the 
photorefractive nonlinearity, and the sign of the expression ensures a self-focusing 
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Figure 2.10: Beam propagation method simulations of interband focusing (left 
columns) and focusing-defocusing interactions within the first band (right 
columns). The beam at top of the first band is paired with either the beam 
at the top of the second band (left columns), or the beam at the bottom of 
the first band (right columns). Each plot window is 320 /xm and 15 mm in 
the transverse (x) and propagation (z) directions, respectively. The refractive 
index modulation of the latice is 2 x In (a,b) and (c,d) each pair of 
co-propagating probe beams experience linear diffraction at low power. In 
(e,f) the power of the beam at the top of the second band is increased and, 
conversely, in (i,j) the power of the beam at the top of the first band is 
increased. In both cases simultaneous focusing of the two beam components 
is observed. In (g,h) the beam at the bottom of the first band experiences 
self-defocusing at increasing power, while the beam at the top of the first 
band is focused. In (k,l) the beam at the top of the band self-focuses at 
high power, while the low power beam at the bottom of the band experiences 
complex reshaping and interference effects upon propagation. 
type nonlinear response provided 7 > 0. To match our experimental conditions, 
we use the following parameters: A = 0.532 /xm, no = 2.4, XQ = \ /xm, ZQ = 1mm, 
d = 19, lb = 1 and Ig = 1. Then, the refractive index modulation of the lattice is 
An = 7A/(47r2:o), which evaluates to 2 x 10"^ for 7 = 4.72. The crystal length is 
L = 15 mm. 
Numerical simulations confirm all essential aspects of our experimental obser-
vations, including the asymmetric interband couphng, the transitional mutual fo-
cusing and defocusing, and the discreteness-induced reshaping of the anomalously 
diffracting beam at the bottom of the first band. Fig. 2.10 shows examples of simu-
lations representing the experimentally studied cases of mutual interband focusing 
cf. Fig. 2.6 and Fig. 2.7], and focusing-defocusing interactions within the first band 
cf. Fig. 2.8 and Fig. 2.9]. The labels 'low' and 'high' in Fig. 2.10 refer to low and 
high input power, i.e. to the regimes of linear and nonhnear propagation, respec-
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tively. In each simulation the input beam profile and width was chosen to match 
the corresponding experimental cases. 
The left half of Fig. 2.10 shows the propagation of the beams associated with 
the top of the first band (first picture coloumn) and the top of the second band 
(second picture coloumn). At low power the beams experience linear diffraction 
broadening upon propagation [Fig. 2.10(a,b)]. Mutual focusing is readily observed 
when increasing the power of either the second band beam [Fig. 2.10(e,f)] or the first 
band beam [Fig. 2.10(i,j)]. As observed in the experiment a clear asymmetry in the 
nonlinear coupling is manifested by the fact that the passive trapping is much less 
pronounced for the first band beam [Fig. 2.10(e)] than for the second band beam 
[Fig. 2.10(j)]. 
The right half of Fig. 2.10 shows the propagation of the beams associated with 
the top of the first band (third picture coloumn) and the bottom of the first band 
(fourth picture coloumn). At low power the beams experience linear diffraction 
broadening upon propagation [Fig. 2.10(c,d)]. As in the experiment, simultaneous 
focusing and defocusing is observed when the power of the beam at the bottom 
of the band is increased [Fig. 2.10(g,h)]. The transitory nature of this effect and 
consequently the ultimate delocalisation of both beams was verified by numerically 
extending the propagation distance. 
The complex reshaping of the beam at the bottom of the first band is observed 
numerically when the beam at the top of the band self-focuses at higher power 
Fig. 2.10(k,l)]. At the crystal output the beam is comprised of a central peak, two 
almost depleted lattice sites, and two separated outer lobes, as observed experi-
mentally [Fig. 2.9(c)]. Furthermore, the insight into the longitudinal propagation 
dynamics offered by the simulation reveals a periodic interference effect, which in-
dicates beating between beam components with different longitudinal propagation 
constants: power seems to oscillate back and forth between the central lattice site 
and its two adjacent neighbours upon propagation [Fig. 2.10(1)]. This would sug-
gest that in the presence of the nonlinearly induced lattice defect the power of the 
passive beam is redistributed in different spectral regions of the bandgap diagram, 
whereas the initial input beam was located at the edge of the first Brillouin zone, 
at the bottom of the first band. 
The idea of spectral redistribution of energy is supported by simulations for 
longer propagation distances (50 mm) presented in Fig. 2.11. The results show 
that the two outer lobes of the reshaped beam eventually propagate away from 
the centre in opposite directions, i.e. in the lower parts of the band, and that the 
central peak remains trapped at the nonhnear defect, i.e. inside the total internal 
reflection gap. Indeed this interpretation would imply a diflterence in longitudinal 
propagation constant of about 0.28 [the width of the first band in Fig. 2.3], 
corresponding to a beat length of 22 mm. This is consistent with the beating period 
on the order of several millimeters observed in simulations. The beat length will 
depend strongly on (i) the lattice contrast which determines the width of the bands 
and the gaps, and (ii) the power of the defect writing beam which determines how 
far the propagation constant at the central lattice site is pushed upwards into the 
total internal reflection gap. ' ' 
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Figure 2.11: Beam propagation method simulation of the couphng of beams 
associated with the top and bottom of the first band. The plot shows the 
extended linear propagation of the beam at the bottom of the first band only, 
when the beam at the top of the first band (not shown) induces a centrally 
localised nonlinear lattice defect at high power (normalised peak intensity 
is 1). The plot window is 560 /xm and 50 mm in the transverse (x) and 
propagation (z) directions, respectively. For comparison the length of the 
crystal, i.e. the propagation distance in the experiment, is marked with a 
dashed white line. In this simulation the refractive index modulation of the 
latice is 1.5 x 10"^. 
The FWHMs of the single Gaussian and the two-component input beams were 
15 /urn [20 /urn in Figs. 2.10 (a) and (e)] and 70 /xm, respectively. In the simulations 
presented in Fig 2.10 the peak intensity of the high power components (normalised 
to a constant dark irradiance /&) were 0.25 in (e,f) and (i,j), 1.69 in (g,h), and 3.24 in 
(k,l). The simulations correctly account for all the experimentally observed effects. 
Only minor discrepancies are observed in the simulations: the second band beam 
does not display the double peak structure observed experimentally for the given 
parameters [see e.g. Fig. 2.6], and in the case presented in Fig. 2.10(k,l) the beam 
associated with the top of the first band experiences stronger self-focusing than 
observed experimentally. Nevertheless we conclude a qualitatively good agreement 
between theory and experiment. 
2.6 Tunable beam steering in tilted lattices 
So far we have been concerned with beams propagating straight along the op-
tically induced photonic lattice with zero transverse momentum. The balanced 
two-component excitation technique makes it possible to realise such immobile prop-
agation even for Bloch waves at the edges of the Bragg reflection gap. We have seen 
that beams associated with different Bloch waves diffract in a similar manner in the 
linear regime [cf. Fig. 2.5], but that they behave and interact very differently in the 
nonlinear regime. 
In this Section we show that even in the linear regime strong differences in the 
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Figure 2.12: (a) Schematic of a one-dimensional photonic lattice, and the 
refraction of inclined beams associated with Bloch waves at the top and bot-
tom of the first band (FB) and top of second band (SB). The beams are 
incident at a small angle with respect to the normal to the crystal front face. 
(b,c) Bloch wave diffraction curves in (b) shallow (An = 0.3 x 10"^) and 
(c) deeper (An = 0.45 x lattices. The lattice period is 19 //m. Arrows 
schematically indicate the propagation direction of individual Bloch waves 
excited by inchned input beams. 
diffractive properties of Bloch waves can be experimentally observed, and exploited 
for beam steering purposes. We consider beam propagation in a tilted lattice and 
show that Bloch waves refract or steer in different directions inside the crystal 
because of their unique diffractive properties. 
We demonstrate that in optically induced lattices the beam steering can be 
dynamically tuned by varying the applied bias voltage and hence the contrast of 
the refractive index modulation [75]. In addition, for waves with normal diffraction 
at the top of the bands, the beam steering can be combined with nonlinear self-
focusing in the nonlinear regime to suppress beam broadening due to diffraction. 
2.6.1 Bloch wave refraction and beam steering 
The diffraction of waves in a periodic structure is governed by the magnitude 
and sign of the local curvature of the linear transmission bands, and similarly, the 
direction of propagation is related to the local slope of the bands at a given point 
in the bandgap diagram [see Section 1.7]. At normal incidence beams associated 
with Bloch waves at the bandedges propagate straight along the lattice because the 
slope of the dispersion curves is zero, and the normal points along the 2 direction. 
However, if the input beams are incident at a small angle with respect to the lattice, 
they will refract - or steer - in different directions, as illustrated in Fig. 2.12(a). The 
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direction of propagation of each beam can be found by determining the normal 
to the dispersion curves at positions slightly offset from straight propagation, as 
indicated by the dashed lines and arrows in Fig. 2.12(b). 
Fig. 2.12(a) shows that at the top of the first band (black), light is refracted 
much like in a bulk medium as governed by Snell's law, nisin^i = n2sm92. The 
angle of incidence di is larger than the angle of refraction 62, assuming n2 > ni = 1. 
The behaviour at the bottom of the first band (blue) and top of the second band 
(red), however, is dramatically different. Due to the increased band curvature near 
the Bragg reflection gap, these beams refract at angles much larger than the angle of 
incidence and in opposite directions with respect to the normal. In the framework 
of Snell's law (which of course is not really applicable here) the second band wave 
is refracted as if the index of the medium were smaller than one, and the first 
band wave as if the index were negative. It is known that negative refraction of 
electromagnetic waves is possible as a result of the modified dispersion relations in 
periodic structures, and it has been previously observed in photonic crystals [102], 
and even in weakly modulated one-dimensional photonic lattices [14]. We note, 
however, that negative refraction in such structures is different from the case of 
truly left-handed metamaterials where the refractive index is indeed negative due 
to simultaneously negative permeability and permittivity [103, 104]. 
In this work we demonstrate how the Bloch wave refraction and beam steer-
ing can be dynamically controlled in tunable periodic structures such as optically 
induced lattices. 
The local slope and curvature of the hnear transmission bands depend strongly 
on the refractive index contrast of the photonic lattice. Increasing the index modu-
lation leads to stronger Bragg reflection from the periodic structure. This translates 
into wider bandgaps which squeeze and flatten the transmission bands as shown in 
Figs. 2.12(b,c). As a result of this both the curvature and slope of the bands are 
reduced, leading to decreased diffraction and refraction of the incident beams. In 
an optically induced lattice, the refractive index contrast can be modified dynam-
ically by tuning the crystal bias voltage [cf. Section 2.2], and combined with the 
unique diffractive and refractive properties of Bloch waves in periodic structures, 
this provides a novel mechanism for realising tunable beam steering. 
Apart from optically induced lattices, a number of different physical systems offer 
the possibility of realising photonic lattices with variable index contrast for dynamic 
beam steering, including thermo-optically tuned polymer waveguide arrays [43, 44, 
105] and voltage-controlled nematic hquid crystal cells with patterned electrodes [66, 
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2.6.2 Numerical simulations 
When studying Bloch wave refraction and beam steering experimentally, it is 
convenient to rotate the optical lattice inside the crystal rather than inchning the 
probe beams [cf. Section 2.3]. Hereforth we therefore consider the case of a tilted 
lattice where input beams, as previously, propagate at normal incidence to the 
crystal front face. We define a lattice tilt angle, a, and a beam steering angle, 
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Figure 2.13: (a) Schematic of the Bloch wave steering in a tilted photonic 
lattice for normal beam incidence, (b) Effective diffraction coefficients at 
the three band edges vs. the refractive index modulation of the lattice An, 
compared with the bulk diffraction D (dotted line). 
corresponding to the shift of the beam centre at the crystal output, as illustrated 
in Fig. 2.13(a). 
Propagation of extraordinarily polarised beams with amplitude ip{x, z) is then 
described by the equation 
dz 5x2 
(2.3) 
where a is the angle of the lattice tilt, x and z are the transverse and propagation 
coordinates normalised to the characteristic values xq and zo, respectively, I is the 
normalised beam intensity, D = zqX/{4imoxl) is the beam diffraction coefficient, 
no is the average refractive index of the medium, A is the wavelength in vacuum, 
J^{x, I) = - 7 [h + Ig cos^{-Kxld) + h is the constant dark irradiance, Ig is the 
peak intensity of the interference pattern of period d, and 7 is a nonlinear coefficient 
directly proportional to the applied DC field. To match our experimental conditions, 
we use the following parameters: A = 0.532 jim, no = 2.4, xq = 1 /xm, zq = 1mm, 
d = 19, h = 1, /p = 1, and the crystal length L = 15 mm. Then, the refractive 
index contrast in the lattice is An = 7A/(47r2o). 
K = P K — In a tilted lattice, the Bloch wave dispersion can be written as (5. 
ad/{2D)] - Ka/d + where P{k) is the dispersion relation in a straight 
lattice (a = 0) [cf. Section 1.7]. The modified dispersion relation indicates that in 
a tilted lattice the dispersion curves are simultaneously translated and tilted with 
a. When an input beam excites Bloch waves from a particular spectral band, its 
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Figure 2.14: Numerical beam propagation simulation showing the refraction 
of self-trapped beams associated with the top of the first band (FB) and the 
top of the second band (SB), for (a) weak and (b) strong lattice contrast, 
corresponding to Figs. 2.12(b) and 2.12(c), respectively. The lattice tilt angle 
is a = 1 mrad. 
normalised propagation angle inside the lattice can be found as 9 ^ —dP/dK. As 
discussed above waves corresponding to the middle (ft = 0) or edge {K = dryr) of the 
Brillouin zone always propagate straight if the lattice is not tilted (a = 0), since 
0 = 0 at all band edges [see e.g. Fig. 2.3(a)]. However, in a tilted lattice the same 
waves refract at an angle 9 = -ddP[K-ad/{2D)]/dK + a ~ a{D - Des)/D + , 
where Des = is the effective diffraction coefficient of the Bloch 
waves. Thus, the beam refraction induced by the lattice tilt is proportional to the 
difference of the diffraction coefficients in a bulk crystal and in the lattice at the 
corresponding K. 
Results of calculations presented in Fig. 2.13(b) show that at the top of the first 
band 0 < Deff < D, and therefore the beam is refracted in the direction of the lattice 
tilt [cf. Fig. 2.13(a)]. At the bottom of the first band, L>eff < 0, and the beam is 
refracted even stronger in the same direction. At the top of the second band, Dgff 
crosses the value of the bulk diffraction D at a critical value of the refractive index 
modulation Ancr, defining two different regimes of refraction of the second band 
wave. In shallow lattices, when An < Ancr, i^ eff > D and the beam experiences 
refraction in the direction opposite to the lattice tilt [cf. Fig. 2.13(a)], whereas 
Dgff < D and refraction in the direction along the lattice tilt should occur in deeper 
lattices, when An > Ancr- Remarkably, in the critical case when An ~ An^ and 
Den ~ the second band beam will propagate straight through the crystal even 
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when the lattice is tilted (for small angles). 
Figures 2.14(a,b) show numerical beam propagation simulations of beams asso-
ciated with the top of the first and second bands, in shallow and deeper lattices 
corresponding to Figs. 2.12(b,c), respectively. As predicted theoretically the beams 
steer in opposite directions inside the crystal at lower lattice contrast [Fig. 2.14(a)], 
and the bending of the second band beam is strongly reduced at the increased lattice 
contrast close to the critical value [Fig. 2.14(b)]. In contrast to this, changing the 
lattice contrast has a much weaker effect on the steering of the first band beam, as 
expected from the calculation of the effective diffraction coefficient [cf. Fig. 2.13(b) . 
Linear diffraction leads to beam broadening which can be suppressed by self-
focusing at higher power for beams in the normal diffraction regime, i.e. at the top 
of the bands. In the examples shown in Fig. 2.14, the beam intensity is increased in 
order to achieve the formation of broad discrete and gap solitons spanning several 
lattice sites, but maintaining constant width upon propagation. Such broad solitons 
are mobile in the transverse direction and exhibit the same generic refraction as the 
corresponding linear beams [45 . 
2.6.3 Experimental characterisation of Bloch wave steering 
The Bloch wave steering is expected to strongly depend on the lattice tilt an-
gle, as the latter changes the effective diffraction coefficient of the Bloch waves by 
scanning along the diffraction curves [Fig. 2.12(b,c)]. It is therefore interesting to 
experimentally characterise how the Bloch wave steering depends on the lattice tilt 
angle. 
In the experiment we use the same setup as described in Section 2.3 above [see 
Fig. 2.2]. The beam spHtter cube placed immediately in front of the SBN crystal is 
used to rotate the optical lattice without changing the initial propagation direction 
of the probe beams [as illustrated in Fig. 2.13(a)]. The variable transverse shift of 
the probe beams caused by refraction in the beam spHtter cube is accounted for 
by calibration of the input beam positions on the crystal front face. The lattice 
tilt angle is measured by reflecting a narrow HeXe laser beam off the beam splitter 
cube. The laser beam is projected onto a screen at a distance I from the beam 
splitter, where its transverse deflection Ax is measured {Ax <C /)• The tilt angle of 
the lattice inside the crystal is smaller than the angle measured in air (A / / ) by a 
factor of 77-0 (the refractive index of the crystal). 
Figure 2.15(a) shows the change of the beam position at the output face of the 
crystal as a function of the lattice tilt angle a inside the crystal [cf. Fig. 2.13(a) . 
The corresponding shift of the lattice at the crystal output is indicated by a dashed 
line. The three beams are observed to steer exactly as predicted theoretically and 
illustrated in Fig. 2.13(a). That is, the beam at the top of the first band is shifted 
by a relatively small amount at the output, following the direction of the lattice tilt. 
The beam at the bottom of the first band is shifted strongly in the same direction, 
at an angle exceeding the lattice tilt angle by a factor of about two. Finally, the 
beam at the top of the second band shifts equally strongly in the direction opposit 
to the lattice tilt. 
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Figure 2.15: (a) Shift of the output position of beams associated with three 
different Bloch waves vs. the lattice tilt, (b) Characteristic beam profiles for 
a tilt of 1.25 mrad. In (a,b) the dashed line corresponds to the shift of the 
lattice. The bias voltage is 1.5 kV. 
For small tilt angles (a < 1 mrad) the output shift of all three beams depends 
approximately linearly on the tilt angle [Fig. 2.15(a)]. As the lattice tilt is increased, 
the steering of the two beams associated with the edges of the Bragg reflection gap 
eventually experiences saturation, as the probe beams approach propagation at the 
Bragg angle in the lattice (corresponding to an output shift of 76 /um). Fig. 2.15(b) 
shows the corresponding measured output intensity profiles of the three beams for a 
lattice tilt of 1.25 mrad. It is clearly seen that the selective excitation of each Bloch 
wave is extremely pure, and that the characteristic beam profiles [see Fig. 2.5] are 
preserved in the tilted lattice. 
2.6.4 Tunable beam steering 
In order to demonstrate tunability of the beam steering in a tilted lattice, we 
measure the change of the beam position at the crystal output face as a function of 
the crystal bias voltage. Figure 2.16(a) shows the output beam shift for the three 
different Bloch waves vs. the externally applied voltage, when the lattice is tilted 
0.83 mrad inside the crystal. At low voltages (shallow lattice) beams corresponding 
to the bottom of the first band and the top of the second band experience strong 
steering in opposite directions, in agreement with the above findings [Fig. 2.15 . 
Increasing the voltage results in a monotonical decrease of the output shift for both 
beams, indicating a reduced beam mobility as a result of the stronger lattice and 
flattened transmission bands [cf. Fig. 2.12(b,c) . 
The beam deflection can be almost entirely suppressed in a deep lattice, corre-
sponding to voltages higher than 2.5 kV. For voltages lower than 1 kV, the lattice is 
too shallow and the Bragg reflection gap hence too narrow to allow for pure Bloch 
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Figure 2.16: (a) Measured output shift vs. bias voltage at low power for beams 
corresponding to three different Bloch modes. The lattice tilt is 0.83 mrad in-
side the crystal, (b) Output beam intensity profiles (at 1.8 kV) corresponding 
to the top of the second band for low (top) and high (bottom) power. While 
preserving a strong beam steering, the FWHM of the beam is decreased from 
81 ^m in the linear regime (top) to 46 /im in the nonlinear regime (bottom) 
due to self-focusing. In (a,b) the dashed line indicates the shift of the lattice. 
wave excitation at the two bandedges, given the spectral width of the finite beams. 
In contrast to the strongly voltage dependent steering of beams belonging to the 
edges of the Bragg reflection gap, the beam associated with the top of the first band 
is seen to be deflected less than the lattice itself, and this deflection does not change 
significantly with the voltage [Fig. 2.16(a), triangles]. 
In our experiment the probe beams experience only limited linear diffraction 
broadening upon propagation through the lattice, and the two strongly deflected 
beams associated with the edges of the Bragg reflection gap are spatially well sep-
arated at the crystal output, as shown in Fig. 2.15(b). As discussed above, self-
focusing nonlinearity allows for self-trapping of the beams associated with the top 
of the first and second bands where diffraction is normal. The ability to steer nonlin-
ear self-trapped beams could be important for practical beam switching appfications 
where a high spatial resolution is required for extended propagation distances. It 
is therefore important to investigate experimentally whether beam steering is pre-
served in the nonlinear regime of propagation. 
In Fig. 2.16(b) we show the experimental output intensity profiles of the defiected 
beam associated with the top of the second band, measured at low (90 nW) and 
high power (800 nW). The lattice tilt is 0.83 mrad and the bias voltage 1.8 kV. At 
higher laser power the beam self-focuses from an initial output FWHM of 81 /xm 
in the hnear regime to 46 fim in the nonhnear regime, with only a small decrease 
of the deflection angle (10 //m at the output) resulting from the beam self-action. 
We thus conclude that the strong steering of the second band beam is preserved in 
the nonhnear regime where self-trapping occurs. Finally we note that the degree of 
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linear diffraction and hence nonlinear self-focusing depends on the lattice tilt, since 
it determines the effective diffraction of the propagating beam, as discussed above 
[Section 2.6.2 . 
2.7 Optically controlled beam steering in modulated lattices 
The steering of optical beams by selective Bloch wave excitation can be a pow-
erful scheme for tunable beam switching as demonstrated above. By modulating 
the relative phase of the two inclined input beams one can realise fast switching 
between the selective excitation of each of the two Bloch waves at the edges of the 
Bragg reflection gap [Fig. 2.15(b)]. In addition the degree of spatial separation of 
the beams can be dynamically tuned by changing the bias voltage [Fig. 2.16(a) . 
The tunable beam steering, however, is not effective for the beam associated with 
the Bloch wave at the top of the first band [cf. Fig. 2.16(a)], and it is therefore 
desirable to explore different ways of dynamically steering such beams. 
In this Section we demonstrate a way to steer optical beams effectively in lattices 
which are modulated in the transverse and propagation directions by the introduc-
tion of a third lattice writing control beam [76]. This third beam propagating at a 
small angle with respect to one of the two lattice writing beams introduces a lattice 
asymmetry which can transfer transverse momentum to a simple Gaussian type 
probe beam. We present a detailed experimental study of optically controlled beam 
steering in such modulated lattices, and identify and characterise the key physi-
cal parameters governing the effect. We demonstrate that the beam steering can 
be tuned all-optically by varying the power of the third modulating lattice beam. 
Furthermore we observe that nonlinear self-focusing can compensate for diffraction 
while preserving the beam steering, thus allowing for increased spatial resolution of 
the effect for practical applications. 
The transverse mobility of self-trapped beams in modulated lattices contrasts 
with the behaviour of strongly localised solitons in conventional lattices which tend 
to lock to straight propagation in a single waveguide due to the effect of the Peierls-
Xabarro potential associated with the energy difference between on-site and off-site 
soliton states [34, 38]. Such effects, on the other hand, can be exploited in alternative 
schemes for realising power dependent beam steering in nonhnear lattices [34, 39, 
107 
2.7.1 Three-wave modulated lattices 
One-dimensional optical lattices created by two interfering plane waves are in-
herently symmetric in the transverse direction (x) and invariant in the propagation 
direction {z). Recent theoretical studies [108, 109] suggested a novel beam steering 
technique by considering the introduction of a third interfering wave which breaks 
the lattice symmetry and induces modulation along both x and z directions [see 
Fig. 2.17]. It was predicted that weak lattice modulation can induce a drift of 
broad solitons [108], and that binary switching can be obtained for strongly lo-
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Figure 2.17: Examples of one-dimensional lattices modulated by a third beam 
with transverse wave number k^ x [from Ref. [109]]: (a) k^ x — 0, (b) kzx = 
0.8A;i2x, and (c) kzx = 1.3/ci2x- Insets show the wave vectors of the two lattice 
beams (black) and the third modulating beam (red, dashed). Parameters are 
Ai2 — 0.25, A3 = O.66A12 and the propagation length is 50 mm. 
calised discrete solitons [109]. In this work we study an experimentally accessible 
case of moderate lattice strength and modulation, where a probe beam extends over 
a few lattice sites. 
Similar to Refs. [108, 109], we consider a modulated lattice created by two waves 
with equal amplitudes A12 and opposite inclination angles defined by the transverse 
wavenumbers ki2x and —k^x, and an additional third wave with amplitude A3 
and wavenumber ksx [see Fig. 2.17]. In numerical simulations, we normalise the 
transverse x and propagation z coordinates to the characteristic scales xq and zq, 
respectively. Then, the three-wave interference pattern is Ip{x,z) = where 
Al = A3 exp[z/?32 + iksxX - iip] + 2Ai2 exp{iPuz) cos(A;i2x2;), (2.4) 
if is the relative phase between the third wave and the two other waves, and the 
propagation constants Pj = Dk'j define the longitudinal wavevector components. 
Here D = zoX/{A7moxl) is the diffraction coefficient, no is the average refractive 
index of the medium, and A is the wavelength in vacuum. 
As previously we model the propagation of an extraordinarily polarised probe 
beam by a parabolic equation for the normalised beam envelope z), idi{j/dz + 
Dd^iP/dx^ + T{x, z, I)iP = 0, where 2,1) = + Ip{x, z) + I)-\ I is the 
normalised probe beam intensity, h is the constant dark irradiance, Ip{x,z) is the 
lattice interference pattern given by Eq. (2.4), and 7 is the nonlinear coefficient 
proportional to the applied DC field. To match our experiments, we use the following 
parameters: A = 0.532//m, no = 2.4, xq = l/xm, zo = 1mm, 4 = 1, 7 = 2.36, and 
d = 20Atm is the period of the non-modulated lattice (for A3 = 0). The crystal 
length is L = 15mm. 
The experimental setup is similar to that used in the previous experiments see 
Fig. 2.2] with an extension to the ordinarily polarised beam arm allowing for the 
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Figure 2.18: Schematic of the generation of three independent lattice beams 
in the modified interferometer arm of the experimental setup [cf. Fig 2.2], 
-100 0 
X, fim 
Figure 2.19: (a) Schematic fc-vector configuration, and (b) two-dimensional 
plot of modulated lattice for k^x — l-18/ci2x and Iz — 47i2. Bottom: corre-
sponding experimental lattice profiles measured at the crystal input (2 = 0), 
when maximum of the broad transverse modulation (red-dashed) is (c) aligned 
with probe beam input (x = 0), and (d) offset by a quarter period. 
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generation of the third lattice modulating beam. The modified three beam lattice 
interferometer is schematically shown in Fig. 2.18. The setup allows for independent 
control of the phase and power of all the lattice beams. An extraordinarily polarised 
Gaussian probe beam with a full width at half maximum (FWHM) of 25//m is 
launched into the crystal, parallel to the z axis {k^  = 0). The crystal bias voltage is 
2.2 kV. The input positions of lattice fringes and probe beam is carefully monitored 
during the experiment, and the latter is fixed at x = 0. 
Figure 2.19 shows an example of the geometry of the modulated lattice used 
in the experiment. Fig. 2.19(b) is a two-dimensional plot of the modulated lattice 
calculated for k^^ = l.lSkux, h = 4/i2, and (p = 7r/2. Figures 2.19(c) and (d) show 
the experimentally measured transverse lattice intensity profiles at the input for 
(/? = 0 and = 7r/2, respectively. Changing the phase of the third beam causes 
the whole lattice pattern to shift in both transverse and longitudinal directions. 
The lattice geometry also depends on the inchnation angle and power of the third 
beam, characterised by the parameters k^x/kux, and / 3 / / 1 2 , where Iz = and 
1x2 = 1^ 12 P are the normalised intensities of the lattice beams. 
A transverse lattice symmetry is recovered when k^ ^ = 0 or k^ x = In all 
other cases, the modulation is asymmetric, and steering of the normally incident 
probe beam becomes possible. We determine experimentally that, due to the finite 
trapping strength of the lattice, steering without strong beam reshaping or break-
up is possible for a limited parameter range 0.8 < k^x/kux < 1-2. Below we 
discuss in further detail the case k^ x ^ k\2xi noting that the steering behavior in 
the complementary regime k^ x < is similar. 
2.7.2 Influence of phase and angle of the modulating wave 
First we characterise the effect of the modulated lattice geometry on the propa-
gation of a low power (~ 2bnW) probe beam in the linear regime for three different 
angles of the modulating beam, in the case of strong lattice modulation, I^ , = 4/i2. 
In Fig. 2.20(a) we plot the shift of the beam center of mass vs. the modulating 
beam phase </? [see Fig. 2.19(c,d)]. Solid hnes represent smoothing sphne fitting to 
the data points [experimental uncertainty in the vertical direction is approximately 
10/im in Fig. 2.20(a), and up to 20/xm in Fig. 2.20(b)]. For k^ x = l-01A;i2x the beam 
shift is virtually zero throughout the entire phase scan [stars in Fig. 2.20(a)]. The 
insensitivity to (/? results from the lattice being fully symmetric when beams 2 and 
3 in Fig. 2.19(a) are parallel {k2,x = A;i2x)-
On the other hand, as the angle of the third lattice-forming wave is increased, 
the lattice becomes asymmetrically modulated, and the beam shifts to one or the 
other side [squares and circles in Fig. 2.20(a)], depending strongly on the value 
of if (similar behavior was observed for k^ x < ^12)- The observed features were 
confirmed by immerical simulations (not shown), and they prove that not only 
the local asymmetric distortion of the lattice, which in this case tends to shift the 
beam towards positive x [see Fig. 2.19(b)], but also the broader effective modulation 
geometry plays an important role for the beam propagation dynamics. We further 
note that in Fig. 2.20(a) the beam shift is-not symmetric with respect to x = 0, and 
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Figure 2.20: (a,b) Measured shift and width of a hnear probe beam output 
vs. the phase of the modulating lattice beam for three different values of 
kzx/ki2x, for h = Shading marks the region in which the figure of merit 
is maximised, (c-e) Examples of measured output profiles corresponding to 
the points (c,d,e) in the plots (a,b). 
it is strongest in the region 0 < < tt where the effects of local and broad lattice 
modulation pull the beam in the same direction. 
Figure 2.20(b) maps the corresponding output beam width (FWHM of Gaussian 
fit) as a function of Again, the case k^ x = 1.01A;i2x proves to be relatively 
insensitive to the phase shift, whereas for larger angles, substantial beam broadening 
is observed close to = tt. For k^ x = 1-I8fci2x, the maximum output beam width 
greatly exceeds that of a diffracting beam in the absence of a lattice (57/um), and 
the observed broadening is attributed to the geometry of the modulated lattice, and 
not solely to the decreased contrast of the lattice at = tt [see Fig. 2.19]. We note 
that when the phase is scanned from zero to 2Tt, the local input beam excitation 
symmetry changes from on-site to off-site and back, and this may in principle lead 
to additional beam steering [34]. However, we verified that under our experimental 
conditions the contributions to center of mass shift as well as beam broadening due 
to this effect are negligible (< 3/um in both cases). Examples of output beam profiles 
corresponding to points c, d and e in Figs. 2.20(a,b) are shown in Figs. 2.20(c-e). 
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Figure 2.21: (a) Experimental and theoretical (inset) linear output in a 
straight lattice {I3 = 0). (b) Shift of the nonlinear probe beam output vs. the 
modulating beam power for k^x = 1.18fci2x and (p/2-K = 0.22. (c,d) Exper-
imental and theoretical (inset) nonlinear output in straight and modulated 
lattices for I3 = 0 and I3 = iln, respectively, and k^x = l-lSk^x- (e,f) Nu-
merical simulations of the longitudinal propagation. 
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2.7.3 Steering of self-trapped beams 
The angle and phase of the modulating beam are important control parameters, 
and for practical applications it is necessary to realise an optimal balance between 
the effects of beam shift and broadening. To characterise the steering performance, 
we quantify the spatial resolution by a figure of merit F = \ Ax\ /W, where Ax and 
W are the shift and the width of the output beam, respectively. In Figs. 2.20(a,b) 
grey shading marks the region in which the figure of merit exceeds 0.5 and climbs 
to a maximum of 0.6 for the largest modulation angle ks^ = l.lSkux-
Focusing now on this case [see Fig. 2.20(c)], we show in Fig. 2.21 that increasing 
the power of the probe beam to 1.5/xW leads to strong self-focusing and enhanced 
beam localisation [61] [Fig. 2.21(c)] while preserving a large beam shift [Fig. 2.21(d) . 
As a result, the figure of merit is increased by approximately a factor of two com-
pared to the hnear case, thus exceeding unity. Figure 2.21(a) shows, for comparison, 
the broader low power output profile in a regular straight lattice (I3 = 0). 
In all cases the experimental observations match our numerical simulations, 
shown in Fig. 2.21 as the beam profile insets in panels (a,c,d), and the top view 
of the propagation dynamics in panels (e,f). In Fig. 2.21(b) we trace the exper-
imental (circles) and theoretical (sohd line) nonlinear beam shift as a function of 
the lattice modulation power. We find that the beam shift gradually increases and, 
in experiment, saturates at approximately Ax = 30//m for /3//12 > 3. The small 
(15%) difference between theory and experiment in Fig. 2.21(b) is attributed to a 
small self-induced drift of the strongly localised beam [110], that was not taken into 
account in simulations. 
2.8 Summary 
In this Chapter we have studied linear and nonlinear beam propagation in one-
dimensional photonic lattices induced optically in a biased photorefractive strontium 
barium niobate (SBN) crystal. Employing a multiple beam experimental technique 
which allows for selective excitation of Bloch waves associated with the edges of the 
linear transmission bands, we have studied in detail the nonlinear and diffractive 
properties of such one-dimensional photonic bandgap structures. 
We have studied the nonlinear interaction of mutually incoherent co-propagating 
beams originating from different spectral bands, in a straight lattice with self-
focusing nonlinearity. We have demonstrated experimentally how lattice defects 
induced by nonlinear propagation can trap simultaneously beams from different 
transmission bands, leading to discrete interband mutual focusing, which is a fun-
damental effect and a key physical mechanism for the generation of multi-gap vector 
sohtons. We have observed a fundamental asymmetry in the mutual focusing effect 
due to the generically different physics and localisation mechanisms of the involved 
Bloch waves. We also demonstrated an interplay between waves with diffraction co-
efficients of opposite sign that leads to complex beam reshaping, and simultaneous 
focusing and defocusing of beams within the first transmission band. 
We have studied theoretically and demonstrated experimentally strong beam 
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steering in tilted optically induced lattices, where selective Bloch wave excitation 
allows for switching between spatially separated output beams which refract in dif-
ferent directions in the structure. The origin of the beam steering is the strongly 
modified diffractive properties of waves in periodic bandgap structures. Dynamic 
tunability of the output beam position was demonstrated by electro-optically vary-
ing the lattice depth and hence the linear bandstructure. In addition we have stud-
ied beam propagation in tilted lattices at higher laser intensities for self-focusing 
nonlinearity and observed that the beam steering properties are preserved in the 
self-trapping regime. 
Finally, we experimentally demonstrated steering of nonlinear self-trapped 
beams in modulated optically induced lattices, where a third lattice writing con-
trol beam was used to induce a lattice asymmetry resulting in optically controlled 
beam steering. We have revealed the key features associated with this beam steering 
effect and described how it depends on inclination angle, phase, and power of the 
modulating lattice beam. The characterisations allowed us to optimise the steering 
performance and achieve high spatial resolution with a figure of merit exceeding 
unity in the nonhnear regime. 
The three experiments described in this Chapter together have demonstrated the 
versatihty of optically induced lattices in the study of linear and nonlinear beam 
propagation in periodic structures, and have furthermore reahsed and explored a 
series of novel schemes for achieving nonlinear and dynamically tunable spatial 
control of light in one-dimensional lattices. As we shall see in Chapter 4 optically 
induced lattices can also be employed in the study of light propagation in two-
dimensional periodic structures. 
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CHAPTER 3 
Discrete self-trapping in defocusing 
waveguide arrays 
3.1 Introduction 
The optically induced lattices discussed in the previous Chapter constitute a 
powerful experimental platform for fundamental studies of linear and nonlinear 
hght propagation in periodic structures. The dynamic tunability and possibihty 
for structural reconfiguration offered by this type of system, as well as the access 
to strong nonlinearity at continuous-wave laser powers, represent invaluable and 
unique experimental advantages. However, the price paid for this is a complex and 
bulky experimental setup which is sensitive to mechanical disturbances, and which 
makes transfer of acquired fundamental knowledge to applied technologies a major 
challenge. 
On the other hand, fabricated nonlinear periodic structures based on planar in-
tegrated optics hold greater promise for practical apphcation in e.g. optical signal 
processing microphotonic circuits and devices for optical communication systems. 
Fabricated structures provide minituarisation of the experimental setup, better sta-
bihty, and potentially easier integration in optical systems. A host of mature tech-
nologies exist for the fabrication of high quality photonic structures on planar wafer 
substrates, in a number of different optical material systems including glasses, semi-
conductors, and polymers. 
One-dimensional arrays of evanescently coupled waveguides are prime examples 
of periodic structures fabricated in planar geometries, and they have already been 
succesfully used in many pioneering experimental studies of both linear and non-
linear discrete phenomena (see e.g. Ref. [10]). Indeed, the capabilities of planar 
waveguide fabrication technology was an important inspirational factor leading to 
the theoretical prediction [12] and the first observation [33] of discrete spatial soli-
tons one and two decades ago, respectively [cf. Section 1.9 . 
From a general point of view, planar waveguide arrays and one-dimensional opti-
cally induced lattices represent equivalent physical systems, and they can therefore 
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be used in similar experimental studies of fundamental wave propagation effects 
in periodic structures, including linear and nonlinear spatial light control through 
e.g. diffraction management and self-trapping. In many cases, however, fabricated 
structures do not offer tunability and nonlinearity at moderate optical intensities. 
The latter hmitation in particular represents a major practical issue. It is there-
fore interesting to identify experimental systems that allow to combine high quality 
fabricated structures with tunabihty and a strong nonhnear response. 
In this Chapter we study linear and nonlinear light propagation in one-
dimensional waveguide arrays fabricated in hthium niobate (LiNbOa) crystals. The 
LiNbOs crystal exhibits a strong photorefractive nonlinearity which, as in the case 
of optically induced lattices, allows for the observation of nonlinear effects such as 
beam self-trapping at sub-milliwatt power levels at visible wavelengths. Although 
not exploited in this work, the LiNbOs material system offers the additional pos-
sibihty of external electro-optic tuning of the integrated photonic structures by 
incorporation of electrodes on top of the planar wafers. 
The nonlinearity in LiNbOa exploited here is of the self-defocusing type, and 
this brings novel opportunities for the study of nonlinear beam localisation. In par-
ticular, self-trapping inside the Bragg reflection gap of beams originating from the 
first transmission band can be studied in this experimental setting [cf. Section 1.8 . 
Beam self-trapping in self-defocusing nonlinear media is a highly nontrivial effect, 
which indeed is counter-intuitive from the point of view of light propagation in 
bulk materials [cf. Sections 1.5 and 1.6]. It is therefore interesting to study in 
further detail the regime of validity of the self-trapping scenario predicted for dis-
crete systems with self-defocusing nonhnearity [see Section 1.7.2], and to hnk it 
with the comprehensive description of continuous systems based on the nonlinear 
Schrodinger equation [Eq. (1.8)] and the Bloch wave formahsm [see Section 1.7.4. 
In Section 3.3 we study the crossover from self-defocusing in continuous and 
weakly modulated systems to discrete self-trapping in photonic lattices with self-
defocusing nonlinearity [13], and demonstrate experimentally that strongly localised 
gap solitons can be excited by a single narrow Gaussian beam in waveguide arrays 
exhibiting a high degree of discreteness [77]. Our study offers new insight into the 
physics of discrete nonlinear light localisation, and furthermore provides a new ex-
perimental scheme for excitation of staggered sohtons which is efficient and more 
practical than e.g. the two-beam Bloch wave matching method used above in Chap-
ter 2. 
In addition, fabricated waveguide arrays offer novel opportunities for studying 
boundary or surface effects near the edges of periodic structures. This area of 
research recently experienced a considerable surge of interest sparked by the theo-
retical prediction [111] and first experimental observation [112] of discrete surface 
solitons, i.e. self-trapped beams located at photonic lattice interfaces. Similar to 
the case of extended periodic structures, in-phase surface sohtons exist in waveguide 
arrays with self-focusing nonhnearity. In Section 3.6 we present the experimental 
observation and detailed study of out-of-phase surface gap solitons at the edge of a 
semi-infinite LiNbOg waveguide array with self-defocusing nonhnearity [78 . 
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Figure 3.1: Photograph of a mono-crystal LiNbOs sample with waveguide 
arrays produced by titanium in-diffusion. The transverse direction x and the 
longitudinal propagation direction 2; are indicated by arrows. 
3.2 Lithium niobate waveguide arrays 
The waveguide arrays used in our studies are produced by a common technique 
based on titanium in-diffusion into a mono-crystal hthium niobate wafer. In the 
fabrication process, 100A of Ti is deposited on an X-cut LiNbOs wafer using electron 
beam evaporation. The Ti layer is photolithographically patterned and etched in a 
buffered hydrofluoric acid solution. The diffusion is conducted at 1050°C for 3 hours 
in a wet oxygen environment. The produced waveguides are single mode, which is 
verified using a prism coupling technique. Finally the samples are diced to a length 
of 50 mm and both facets mechanically polished. 
The fabrication process results in a structure containing a number of high qual-
ity waveguide arrays with a total of 100 waveguides in each. Figure 3.1 shows a 
photograph of a sample illuminated with green laser light. The waveguide spacing 
(lattice period) is rf = 19 /im and d = 9 yttm in the two particular arrays used in Sec-
tion 3.3 and Section 3.6, respectively. The depth of the refractive index modulation 
is approximately An = 3 x 10"^, in both of the above cases exceeding the threshold 
required for discrete self-trapping by single-site excitation [cf. Section 3.3 below . 
In LiNbOs strong internal drift associated with the photovoltaic effect leads to 
a self-defocusing type photorefractive nonhnearity [31]. In this case large space-
charge fields and a strong electro-optic response can be achieved for extraordinar-
ily polarised light even without an externally applied field [cf. Section 1.3], and 
in the experiments described in this Chapter we thus operate with an unbiased 
LiNbOs crystal. Asymmetry effects associated with the internal drift nonlinearity 
are strongly limited by the discreteness of the fabricated waveguide structure which 
effectively prevents beam self-bending in the periodic potential. 
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Figure 3.2: Refractive index change, normalised to the modulation depth 
vs. transverse position in LiNbOa waveguide array, normalised to the 
lattice period d. The sum of individual diffusion profiles (dashed) result in 
an effective sinusoidal refractive index modulation (solid). 
3.3 Crossover from defocusing to discrete self-trapping 
In homogeneous bulk media self-defocusing nonlinearity always leads to en-
hanced beam broadening, as discussed in Section 1.5. In the framework of the 
discrete waveguiding model introduced in Section 1.7.1, on the other hand, self-
defocusing nonlinearity allows for self-trapping of light to occur in periodic struc-
tures in the form of out-of-phase or staggered sohtons. In Section 1.8 it was shown 
that in a more comprehensive continuous description such staggered solutions ap-
pear as gap solitons residing in the first Bragg reflection gap of the linear transmis-
sion spectrum. 
The discrete waveguiding model [Eq. (1.11)] predicting a universal self-trapping 
scenario for both self-focusing and self-defocusing nonlinearities is valid when the 
optical field can be represented as a superposition of weakly overlapping modes of 
the individual lattice sites. This condition is generally satisfied when the refractive 
index contrast in the periodic structure is sufficiently large [113]. However, in the 
case of self-defocusing nonlinearity the nonlinear dynamics changes dramatically 
for smaller index contrast. Indeed, if the lattice modulation is absent or very weak, 
beams are expected to experience self-defocusing rather than self-trapping, i.e. the 
exact opposite behaviour. It is therefore interesting to study the crossover between 
the two qualitatively different regimes of self-defocusing in the bulk and in weak 
lattices, and discrete self-trapping in stronger lattices. 
3.3.1 Numerical simulations 
In order to study the crossover between beam self-defocusing and discrete self-
trapping we model the beam propagation using a normalised continuous nonlinear 
Schrodinger equation for the slowly varying field envelope ip{x, z) [see Section 1.2.6' 
dz dx^ 
(3.1) 
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where D = z q \ / i s the diffraction coefRcient, uq is the average refractive 
index, x is normahsed to XQ, and 2 is normahsed to ZQ. The function j r ( / ) = 1.5(1 + 
/)~^ + (27r2;o/A)An(x) accounts for the photovoltaic self-defocusing nonlinearity (the 
first term) [31], and the presence of a periodic refractive index modulation (the 
second term). I is the normalised beam intensity, and An{x) is the profile of the 
refractive index modulation. Other parameters are: A = 0.532/xm, UQ = 2.234, 
xo = l//m, and Zo = 1mm. 
For waveguide arrays created by a diffusion process An{x) can be calculated 
as An(x) = ~ d)'^ /'^ '^ ]^  i-e. a sum of Gaussian contributions 
from individual sites, where m = 0 , ± 1 , ± 2 , etc. denotes the waveguide number, 
^ defines the modulation depth, d is the waveguide spacing (lattice period), and 
It; is a characteristic width defined by the diffusion process and the window in the 
photolithographic mask. If the individual diffusion profiles overlap as shown in 
Fig. 3.2 the combined refractive index modulation An(x) is essentially sinusoidal 
with an effective modulation depth smaller than Here we take the values of 
characteristic diffusion width w = S/um and waveguide spacing d = 19/im, and then 
the effective depth of the refractive index modulation is An = 0.442 We note 
that the results presented below are general and do not depend on the particular 
refractive index profile defined by the experimental system. 
Figures 3.3(a,b) present the calculated bandgap spectrum for the waveguide ar-
ray for two values of the refractive index contrast. The calculations confirm that 
increasing the lattice contrast leads to wider bandgaps due to stronger Bragg reflec-
tions [cd. Section 1.7.4]. As discussed in Section 1.8 the finite width of the Bragg 
refiection gap limits the minimum width of self-trapped beams. Figures 3.3(c,d) 
show the profiles of the gap solitons of minimum width corresponding to the cases 
in Figs. 3.3(a,b). The width of the gap is smaller for weaker refractive index contrast, 
and correspondingly the minimum soliton width is larger. The calculated minimal 
width of the gap soliton, W = 3 J \x\\tp\'^dx/ J \i>\'^dx, is plotted in Fig. 3.3(e) versus 
the refractive index contrast. In the case of small refractive index modulation and 
a narrow bandgap, the narrowest soliton spans several waveguides. On the other 
hand, when the lattice contrast increases, the bandgap widens, and the narrowest 
soliton is localised at a single waveguide. 
We study the crossover to discrete self-trapping by modehng the hnear and non-
linear propagation of an input Gaussian beam of a width equal to the size of a single 
waveguide, or lattice site. To characterise the self-trapping efficiency for different 
lattice depths, we calculate the relative power that remains in the central section of 
the array after propagation over a distance of many diffraction lengths (1000mm) 
as a function of the depth of the refractive index modulation. The result is shown 
in Fig. 3.4, where the central section of the array is defined as the region containing 
20 waveguides (implemented with absorbing boundary conditions). We investigate 
the effect of nonlinear self-action (solid curve) on the propagation dynamics with 
respect to linear diffraction (dashed curve). In the calculation represented by the 
solid curve in Fig. 3.4, the power of the input beam is optimised in order to maximise 
the power fraction which remains in the central region of the array. 
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Figure 3.3: (a,b) Bandgap spectrum of linear waves for a refractive index 
modulation depth An of 1.1 x 10"'^ and 2.8 x 10"^, respectively. (c,d) Pro-
files of staggered gap solitons having the minimum width for cases (a,b), 
respectively. Shading marks index maxima, (e) Minimum width of the gap 
soliton vs. the depth of the refractive index modulation. 
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Figure 3.4: Efficiency of beam self-trapping calculated as the power fraction 
remaining in the 20 central waveguides at the output for an optimised input 
power (solid) compared with hnear diffraction (dashed) vs. the depth of the 
refractive index modulation. The dashed hnes (1) and (2) mark the modula-
tion depth corresponding to cases (a,c) and (b,d), respectively, in Fig. 3.3. 
The results demonstrate that for low index contrast the optimisation of the in-
put power simply matches the linear limit, and the two curves coincide in Fig. 3.4. 
In this regime of weak lattice contrast the effect of nonlinearity is to increase beam 
spreading due to self-defocusing, and therefore linear propagation maximises the 
amount of light in the central region. However, as the refractive index modula-
tion increases, there appears a sudden bifurcation from the linear regime. The 
abrupt transition occuring for a lattice depth exceeding approximately 0.3 x 10"^ 
corresponds to the formation of initially broad gap solitons, in agreement with the 
limitation on the soliton width shown in Fig. 3.3(e). The vertical dashed lines (1) 
and (2) in Fig. 3.4 correspond to the cases (a,c) and (b,d) in Fig. 3.3, respectively. 
As the minimum width of the soliton decreases and approaches that of a sin-
gle waveguide for larger An [Fig. 3.3(e)], self-trapping with almost 100% efficiency 
becomes possible [Fig. 3.4 The as predicted by the discrete model [Eq. (1.11) 
features shown in Fig. 3.4 represent a comprehensive picture of the qualitative 
crossover from self-defocusing to discrete self-trapping as the index contrast ex-
ceeds a certain threshold. In the region where single-site localisation is possible, 
and the self-trapping efficiency approaches unity, the system effectively behaves as 
a discrete system. Note that linear diffraction is gradually reduced due to waveguid-
ing and decreasing inter-site coupling in an increasingly stronger lattice, resulting 
in a steady rise of the dashed curve in Fig. 3.4 for larger An. 
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Figure 3.5: Schematic of the experimental setup for the study of discrete 
diffraction and gap soliton formation in a LiNbOs waveguide array. M -
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3.4 Experimental setup 
The setup used in the experiments described throughout this Chapter is schemat-
icahy shown in Fig. 3.5. An extraordinarily polarised laser beam from a frequency-
doubled continuous-wave Nd:YV04 laser at A = 532 nm is tightly focused by a 
microscope objective (20 x) and injected into a single channel of a planar LiNbOs 
waveguide array. The LiNbOs sample is mounted on a three-axis translation stage 
which allows for precise alignment in the transverse {x), vertical (y), and longitu-
dinal {z) directions. The c-axis of the crystal is parahel to the transverse beam 
direction x. The full width at half maximum (FWHM) of the input beam is 3/im 
which provides a good match to the individual waveguide modes. At the output of 
the sample the propagated wavepacket is imaged onto a CCD camera by a second 
microscope objective (lOx). The charge mobihty and hence the response time asso-
ciated with the photovoltaic nonlinearity is controlled by a variable intensity white 
light illumination above the LiNbOs sample. 
In order to perform interferometric measurements of the phase structure of the 
output probe beam, a plane wave reference beam is split off from the main beam 
and passed through a pair of lenses which allow for adjusting the beam divergence 
to match that of the output probe beam. The reference beam is recombined with 
the probe beam using a beam sphtter and the two beams are imaged together onto 
the CCD camera. A half-wave plate and a polariser, as weh as a number of neutral 
density filters throughout the setup, allow for adjusting the power of the individual 
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beams. The CCD camera is interfaced to a computer for data acquisition. Clearly, 
the use of single beam excitation and fabricated waveguide structures greatly sim-
plifies the experimental setup compared to the case of optically induced lattices [cf. 
Fig 2.2 on page 38]. 
3.5 Observation of discrete self-trapping 
In previous experimental studies of sohton formation in permanent [69, 114] and 
optically induced [61, 64] periodic structures with self-defocusing nonlinearity, the 
input excitation was specially prepared to reflect the phase structure of the staggered 
solitons, where the neighboring sites are out-of-phase [see Figs. 3.3(c,d)]. This was 
achieved either by illuminating the structure with a single beam inclined at the 
Bragg angle [61, 64, 69] or by spatial phase modulation of the initial beam [114 . 
However, observation of soliton localisation close to a single lattice site was not 
reported. In this Section we demonstrate experimentally discrete self-trapping by 
single-site excitation, which as shown in the numerical study above is possible in 
lattices exhibiting a high degree of discreteness. 
At low laser power (~10 nW) the propagating beam experiences typical discrete 
diffraction, where at the array output most of the power is transferred into the 
neighboring waveguides and almost no light remains in the central guide [Fig. 3.6(a)]. 
The resulting intensity profile shown in Fig. 3.6(b, solid curve) matches the results of 
numerical simulations performed using the discrete model [Eq. (1.11)] (crosses) and 
the continuous model with periodic refractive index modulation [Eq. (3.1)] (green 
shading) with excellent accuracy. The corresponding calculated propagation inside 
the array is depicted in Fig. 3.6(c). When the laser power is increased (1 mW) the 
self-defocusing nonlinearity leads to strong beam localisation at a single waveguide 
Fig. 3.6(d-f)], in a similar way as in self-focusing waveguide arrays, due to the 
universal nature of discrete self-trapping. In this case the localisation time is less 
than ten seconds. 
In order to confirm that the self-trapped wave is indeed localised inside the Bragg 
reflection gap, and not in the total internal reflection gap, it is important to verify its 
staggered phase structure. The alternating phase of the field lobes of the localised 
beam reflects the fact that the in the nonlinear regime the propagation constant lies 
within the photonic bandgap at the edge of the first Brillouin zone. For the purpose 
of verifying this we allowed for saturation of the camera in order to detect the small 
but nonzero amount of light in the neighboring waveguides [cf. Fig. 3.3(d)]. The 
corresponding images are shown in Fig. 3.7 where the two neighboring satelhtes are 
clearly visible. They are separated from the central waveguide by vertical lines of 
strictly zero intensity [Fig. 3.7(a)], which is an indication of their staggered phase 
structure. To further confirm this observation, we interfere the output beam with 
an inclined broad reference beam. The corresponding interferogram is shown in 
Fig. 3.7(b), where a half period shift of the interference fringes at the zero intensity 
lines, corresponding to a TT phase jump in the probe beam, is clearly observed. 
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Figure 3.6: (a) Intensity distribution at the output facet of a LiNbOa 
waveguide array for linear propagation at low laser power (10 nW). Only 
the central waveguide is excited at the input, (b) Corresponding intensity 
profiles: Solid - experimental measurement; shading - numerical solution of 
the continuous model [Eq. (3.1)]; crosses - lattice site amplitudes calculated 
from the discrete model [Eq. (1.11)]. (c) Evolution of the beam intensity 
along the sample for a low input power simulated with Eq. (3.1). (d-f) Same 
as (a-c) for nonhnear propagation at high laser power (1 mW). 
Figure 3.7: (a) Saturated camera image of the single channel localised state 
at the output of the array, zoomed at the dashed rectangle in Fig. 3.6(d). 
White areas correspond to saturated pixels, (b) Interferogram confirming the 
staggered phase structure of the output beam [cf. Fig. 3.3(d)]. 
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3.6 Nonlinear surface waves 
As mentioned in the introduction to this Chapter, fabricated waveguide arrays 
with finite extent in the transverse direction introduce the opportunity to study 
boundary effects occuring near the edges of periodic structures. Interfaces between 
different physical media can support a special class of localised waves known as 
surface waves, which attract great attention with their possible applications in sur-
face sensing and probing. In periodic systems, staggered surface waves are often 
referred to as Tamm states [115], first identified as localised electronic states at the 
edge of a truncated periodic potential. Whereas direct observation of electronic 
surface waves in natural crystalline materials remains beyond practical reach, suc-
cessful efforts were made to demonstrate their existence in nano-engineered super-
lattices [116]. In optics, Unear staggered surface modes have been demonstrated at 
surfaces separating periodic and homogeneous dielectric media [117, 118. 
Nonlinear surface waves have been widely studied in different fields of physics and 
most extensively in optics. A self-focusing optical nonlinearity enables the existence 
of self-trapped waves at interfaces between homogeneous dielectric media [119-121 . 
However, such nonlinear surface waves are typically associated with high power 
requirements, and are not possible at all if the nonlinear response is self-defocusing. 
The combination of periodicity and nonlinearity allows to overcome both of these 
limitations due to the ability of periodic structures to dramatically modify beam 
diffraction. This leads to a wealth of different types of modes localised at and near 
the surface [122 . 
Self-trapping of hght near the boundary of a self-focusing photonic lattice was 
recently predicted [111] and demonstrated in experiment [112] through the forma-
tion of discrete surface solitons at the edge of a nonlinear waveguide array. In 
self-defocusing materials the existence of surface gap solitons at the interface be-
tween a uniform and a periodic medium was also suggested [111] and theoretically 
described [123]. In this case localisation occurs inside the photonic bandgap in 
the form of staggered surface modes. This enables one to extend the analogy with 
the localised electronic Tamm states into the nonlinear regime, so the surface gap 
solitons can be termed nonhnear Tamm states. 
In this Section we study the self-action of a narrow beam propagating near the 
edge of a LiNbOa waveguide array with self-defocusing nonlinearity, and observe the 
formation of surface gap solitons, or nonlinear Tamm states. Linear surface modes 
do not exist in this type of system, due to the lack of a large refractive index step 
at the interface between the substrate and the periodic structure [117]. However, 
discrete self-trapping is observed in the nonlinear regime above a certain threshold 
power when the propagation constant of the surface waveguide is shifted into the 
gap of the photonic transmission spectrum. 
3.6.1 Linear diffraction and nonlinear surface self-trapping 
Single-site excitation of strongly localised gap sohtons, which was demonstrated 
in Section 3.5 above, can also be used in the study of nonlinear surface waves, as 
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Figure 3.8: Schematic of the single-site excitation of strongly locahsed surface 
gap solitons in a waveguide array with self-defocusing nonlinearity. 
illustrated in Fig. 3.8. To allow for a detailed characterisation of the self-trapping 
at the lattice interface we employ a waveguide array with smaller period (d = 9 //m) 
and hence stronger hnear couphng than in the above experiment. Similar to the 
case of extended waveguide arrays, we inject light into a single waveguide at the 
input, only this time at the very edge of the array, and vary the beam power to 
observe the nonlinear effects. 
At low laser power (0.1 /iW) we observe that due to coupling between neigh-
boring waveguides the probe beam experiences modified discrete diffraction and 
spreads out in the horizontal plane upon propagation [Figs. 3.9(a,b)]. In addition, 
the beam shifts dramatically to the right indicating a strong repulsive effect of 
the surface. Figure 3.9(a) shows the experimental image of the output intensity 
distribution and the corresponding transverse intensity profile. After linear prop-
agation through the array the beam profile acquires a complex form, where the 
major lobe is centered approximately 42 lattice sites away from the input excitation 
point (n = 0 at the edge of the array) due to the surface repulsion and discrete 
diffraction. Figure 3.9(b) shows the corresponding beam propagation inside the 
sample, calculated by use of an analytical formula derived from the discrete model 
UnizC) = Aq'J" [Jn{2zC) + Jn+2(2zC)], where an{zC) is the discrete mode ampli-
tude in the n—th waveguide, AQ is the initial field amplitude in the input waveguide 
n = 0, 2 is the propagation distance, and C is the intersite coupling coefficient [111 • 
In Fig. 3.9(b) the discrete mode amplitudes have been convoluted by the contin-
uous waveguide mode intensity profile, and the agreement with the experimental 
observation is found to be excellent. The coupling coefficient is estimated to be 
C = 0.46 mm"^ The inset in Fig. 3.9(b) schematically shows the geometry of the 
waveguide array. 
Increasing the laser power leads to strong self-trapping in the surface waveguide 
in the form of a surface gap soliton. The slow response of the nonlinearity allows us 
to monitor the transient temporal dynamics of self-trapping and soliton formation, 
providing additional information about the locahsation process. Figures 3.9(c-e) 
show the output beam intensity profile a% times 920, 1050, and 1550 s, respectively, 
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Figure 3.9: (a,b) Linear propagation of a narrow low-power beam when only 
the edge waveguide of the array is excited, (a) Measured transverse output 
intensity profile (P = 0.1/iW) and (b) corresponding theoretically calcu-
lated longitudinal propagation inside the sample. Inset in (b) illustrates the 
waveguide geometry, (c-e) Formation of surface gap soliton at the array out-
put 920, 1050, and 1550 seconds, respectively, after the input beam power is 
increased to P = 0.5 mW. Grey shading marks the waveguide positions. 
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Figure 3.10: Measured surface localisation time vs. probe beam power. Solid 
curve: A+i?/(P—Pth) fit to experimental data (red dots). Vertical dashed line 
marks the threshold power (Pth = 0.042 mW). (a-c) Beam intensity profiles 
of decreasing width corresponding to the indicated points. 
after the beam power is increased to P = 0.5 mW. The beam is seen first to con-
tract and shift towards the edge of the array, indicating a nonlinearity-induced 
suppression of the surface repulsion [Fig. 3.9(c)]. Then partial self-trapping at the 
surface occurs, with a tail of intensity lobes extending into the periodic structure 
Fig. 3.9(d)]. A series of zero intensity points between these lobes indicates the 
self-induced dynamic formation of a staggered phase structure which is clearly ab-
sent in Fig. 3.9(a). Eventually, a strongly locahsed surface gap soliton is formed 
Fig. 3.9(e)]. The asymmetry of the photonic structure is reflected in the shape 
of the trapped beam which decays monotonically into the continuum while show-
ing damped oscillations inside the array, resembhng the structure of the staggered 
Bloch wave associated with the band edge at the top of the gap [cf. Fig 1.11 and 
the findings in Section 3.3 above]. The defocusing nonhnearity effectively decreases 
the contrast of the surface waveguide, causing the locahsed beam to broaden and 
penetrate substantially into the continuous medium. 
3.6.2 Localisation dynamics and nonlinear threshold 
In order to study in detail the transition from linear diffraction to nonlinear 
self-trapping, we measure the surface gap soliton formation time as a function of 
the probe beam power. The results are summarised in Fig. 3.10. The formation 
time increases dramatically for decreasing input power until, below a certain critical 
power, no localised surface mode is obse'rved. This observed critical slowing down 
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Figure 3.11: (a) Three-dimensional representation of the surface gap sohton 
observed near the threshold [Fig. 3.10(a)]. (b) Corresponding interferogram 
demonstrating the staggered phase structure of the surface gap soliton. 
indicates the existence of a threshold power below which the nonlinear response is 
too weak to cause self-trapping. While the analytical form of the dynamics of the 
soliton formation near the threshold is not known, the value of the threshold power 
was estimated as Pth — 42 /xW by modeling the measured dependence of the soliton 
formation time (Fig. 3.10, red dots) on the beam power with a simple singular 
relation A + B/{P — Pth) (Fig. 3.10, solid curve). A and B are fitting parameters, 
and Pth is the threshold power. 
Figures 3.10(a-c) show the beam intensity profiles corresponding to the indicated 
data points. The width of the locahsed mode decreases for increasing beam power, 
spanning about three lattice sites immediately above threshold [Fig. 3.10(a)], and 
approximately a single lattice site at higher power [Fig. 3.10(c)]. The decrease of 
the beam width is due to the fact that stronger beam self-action at higher power 
leads to a deeper surface defect, and hence more pronounced beam localisation. 
3.6.3 Phase structure 
As in the case of gap solitons in extended periodic structures, an essential feature 
of the observed surface gap solitons is the staggered phase structure of the beam 
tail inside the periodic medium. Figure 3.11(a) depicts a three-dimensional repre-
sentation of the spatial beam intensity distribution of the broad surface gap soliton 
observed near the threshold [Fig. 3.10(a)]. Figure 3.11(b) shows the correspond-
ing two-dimensional intensity plot of the associated interference pattern when the 
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output is superimposed on an inclined reference wave. A half period vertical shift 
of the interference fringes, corresponding to an exact TT phase jump in the horizon-
tal beam direction, is clearly observed between each pair of lobes in the structure 
Fig. 3.11(b)]. The phase is seen to be constant in the continuous region. The stag-
gered phase structure inside the array and the plane phase in the continuum are 
signatures of the two different localisation mechanisms in play [123]. The beam is 
confined from the continuum side by total internal reflection, while Bragg reflection 
is responsible for localisation inside the periodic structure. 
3.7 Summary 
In this Chapter we have explored fabricated planar waveguide arrays in LiNbOs 
for the study of nonlinear beam propagation in one-dimensional periodic structures. 
The self-defocusing nonlinearity offered by this material system introduces new op-
portunities for the study of beam self-trapping inside the photonic bandgaps, and 
such effects are pursued throughout the Chapter. 
We have studied in detail the crossover between beam self-defocusing and dis-
crete self-trapping in waveguide arrays with self-defocusing nonlinearity. We have 
shown that an abrupt transition is observed in the beam dynamics for increasing re-
fractive index of the lattice. For a small refractive index modulation, narrow probe 
beams experience increased spatial spreading at higher input powers. However, 
when the lattice contrast exceeds a critical value, beam self-trapping associated 
with the formation of staggered gap sohtons becomes possible. The crossover repre-
sents a qualitative transition from a weakly modulated system behaving much like a 
continuous optical medium, to a system characterised by a high degree of discrete-
ness. We have demonstrated experimentally the generation, by single waveguide 
excitation, of strongly localised gap solitons supported by the self-defocusing non-
linearity. The refractive index modulation of the waveguide arrays was engineered 
to exceed the threshold for the nonlinear crossover. 
Fabricated waveguide structures introduce the additional opportunity of study-
ing boundary effects, including the excitation of nonlinear surface waves in semi-
infinite photonic lattices, an area of research which has received considerable atten-
tion recently [78, 111, 112, 123-125]. The second study described in this Chapter 
demonstrated experimentally that gap solitons can exist near the surface of a peri-
odic medium with self-defocusing nonlinearity in the form of surface gap solitons, 
providing the first experimental evidence of a nonlinear analog of surface Tamm 
states in optics. The nonlinear surface waves were observed using the single site 
excitation method developed in the previous work. 
The increased coupling in the waveguide array employed in the study of non-
linear surface waves allowed for a detailed characterisation of the dynamics of the 
nonhnear localisation process. The results revealed a critical slowing down of the 
nonlinear response time for decreasing beam power, which was used to identify a 
power threshold for the formation of surface gap solitons. In addition, it was ob-
served that the width of the self-trapped surface waves increases near the threshold 
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due to less pronounced beam localisation at weaker lattice defects. 
In both investigated cases of discrete self-trapping, the characteristic staggered 
phase structure of waves localised at negative type lattice defects, i.e. in the Bragg 
reflection bandgap, was verified experimentally by precise interferometric measure-
ments. 
The single site excitation method demonstrated in this Chapter represents a 
novel approach to studying nonlinear gap localisation in discrete systems, and pro-
vides a simplified and hence powerful experimental scheme compared to the two-
beam excitation technique employed in Chapter 2, and the preparation of staggered 
input beams in previous studies of self-trapping in defocusing waveguide arrays [114 . 
In addition, the use of compact fabricated waveguide structures, in combination with 
material systems exhibiting strong nonlinearity at moderate laser powers, further 
simplifies experimental efforts and reduces the footprint of the optical setup, thus 
increasing the potential for applications of the observed effects in microphotonic 
devices. 
Other groups have independently reported the observation of discrete self-
trapping for self-defocusing nonhnearity in the form of strongly localised surface 
gap solitons [124, 125], reflecting the surge of interest in nonlinear surface effects in 
periodic systems. Both studies adapted the single-site excitation method developed 
in our work [77], and thus bear witness of its universal applicability. 
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CHAPTER 4 
i wo-aimensional periodic structures 
4.1 Introduction 
Thus far this thesis has focused on hght propagation in nonhnear media exhibit-
ing a periodic refractive index modulation in one transverse dimension only. Such 
one-dimensional structures represent the simplest possible generic examples of non-
linear periodic systems, and yet a host of novel fundamental effects can be observed 
in one-dimensional slab and planar waveguide arrays, as discussed in the previous 
Chapters. One-dimensional periodic nonlinear structures are thus a natural and 
attractive basis for studies of the interplay between nonlinearity and periodicity 
in optics. Furthermore, mature hthographic microfabrication technologies enable 
the realisation of high quality planar waveguide structures in a number of different 
material systems, which makes light control in one-dimensional nonlinear periodic 
structures interesting for potential apphcations in integrated optical circuits. 
In general, beam propagation in a three-dimensional space comprises dynamics 
in two transverse dimensions [x and y) and one longitudinal propagation dimension 
{z). In the case of one-dimensional periodic structures one transverse dimension {y) 
is ignored because there is no evolution of the field in this direction, due to either 
the infinite extension of beams along y (Chapter 2), or the vertical waveguiding 
confinement (Chapter 3), in the cases of slab and planar geometries, respectively. On 
the other hand, as mentioned in Section 1.7, it is possible to design two-dimensional 
structures with periodic refractive index modulations in both transverse dimensions 
see Fig. 1.6(b)], and this opens up a range of novel opportunities for spatial control 
of light. 
Many of the fundamental concepts discussed in the previous Chapters can be 
extended from the one-dimensional case to the two-dimensional case, including e.g. 
discrete diffraction and self-trapping in nonlinear lattices. In addition to these ef-
fects, two-dimensional structures can support novel phenomena such as discrete 
vortex solitons [83, 126, 127], which have no analog in the one-dimensional case. 
The new possibilities offered by two-dimensional periodic systems broaden the per-
spectives for the study of discrete and nonhnear behavior of light, which is of both 
fundamental and practical interest. 
Whereas fundamental design options are inherently limited in one-dimensional 
systems, two-dimensional structures offer a number of different transverse lattice 
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Figure 4.1: Schematic of the optical induction of (a) square and (c) triangu-
lar two-dimensional photonic lattices by plane wave interference in a biased 
photorefractive crystal (SBN). Lattice beams are ordinarily polarised while 
probe beams are extraordinarily polarised and propagate along the longitu-
dinal lattice direction as indicated by the arrows. 
geometries, including the highly symmetric square and triangular (or hexagonal) 
lattices [47, 63, 64, 70, 72, 82, 128-134] [see Figs. 4.1], rectangular [60] and hon-
eycomb [135, 136] lattices, radially symmetric lattices [137-140], as well as more 
complex configurations such as quasiperiodic [141] and disordered lattices [73, 142 . 
The various two-dimensional lattice geometries exhibit different symmetries, each 
displaying unique properties with respect to hnear and nonhnear beam propagation. 
For example, it was recently observed that reduced-symmetry solitons, trapped by 
the combined effects of total internal reflection and Bragg reflection in square pho-
tonic lattices, can possess highly anisotropic mobility properties due to the different 
localisation mechanisms in play along the two orthogonal symmetry axes of the lat-
tice [129]. In addition, hnear and nonlinear beam propagation in two-dimensional 
photonic lattices offer strong links to the fields of photonic crystals and photonic 
crystal fibers [50-53]. 
The majority of previous experimental work on nonlinear beam propagation in 
two-dimensional structures has focused on the square geometry [47, 63, 64, 72, 82, 
129-132] [see Fig. 4.1(a)]. Self-trapping in the form of discrete and gap solitons was 
recently demonstrated experimentally in square photonic lattices [63, 64, 72, 129 
see also Section 1.9], whereas such effects remain largely unexploited in triangular 
lattices. However, self-trapping in triangular lattices was predicted and studied 
theoretically [60, 135]. Furthermore, periodic structures with triangular geometry 
are the subject of intense studies in the field of photonic crystals. This is partly 
due to the fact that triangular lattices are known to support larger bandgaps, and 
therefore most of the currently fabricated planar structures possess this symmetry. 
Also, the triangular geometry appears naturally in the stacking method fabrication 
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of photonic crystal fibers [51, 52 . 
The observation of discrete diffraction and nonhnear self-trapping represents a 
benchmark experiment in discrete nonhnear optics. In Section 4.2 of this Chapter 
we present the first experimental demonstration of nonhnear self-trapping of light 
in triangular photonic lattices [79]. The lattices are optically induced in a biased 
photorefractive crystal by three wave interference in a way similar to the structures 
studied in Chapter 2. Apart from their value as a demonstration of fundamental 
nonlinear effects, the results of this study represent a precursor for the observation 
of similar effects in fabricated periodic structures with triangular lattice geometry, 
in e.g. microstructured optical fibers [134 . 
As mentioned above, the multitude and diversity of two-dimensional lattice 
geometries and their unique symmetry properties greatly add to the wealth of both 
linear and nonlinear effects associated with light propagation in periodic structures. 
However, the increased complexity in two dimensions also introduces additional 
challenges, in particular for the experimental study of two-dimensional periodic 
structures. Whereas the reahsation of two-dimensional optically induced lattices is 
a relatively straightforward extension of the one-dimensional case, the inclusion of 
an additional transverse dimension represents a nontrivial issue in the context of 
fabricated structures. To fully explore the rich physics and technological potential 
of two-dimensional periodic and nonhnear optical media, it is desirable to iden-
tify accessible experimental platforms that combine the advantages of high quality 
fabricated structures with the attractiveness of tunability and strong nonlinearity. 
In Section 4.3 and the remainder of the Chapter we suggest and demonstrate 
a novel platform for the study of tunable nonlinear light propagation in two-
dimensional discrete systems, based on photonic crystal fibers filled with high index 
nonlinear liquids. Using the infiltrated cladding region of a photonic crystal fiber as 
a nonlinear waveguide array, we experimentally demonstrate highly tunable beam 
diffraction and thermal self-defocusing, and realise a compact all-optical power lim-
iter based on a tunable nonlinear response. 
4.2 Self-trapping in triangular optically induced lattices 
In the experiment described in this Section we study linear and nonhnear beam 
propagation in optically induced triangular photonic lattices. We selectively excite 
beams associated with Bloch waves at the upper edges of the first and second linear 
transmission bands of the triangular lattice structure, and employ the photore-
fractive self-focusing nonlinearity to observe self-trapping inside the total internal 
reflection gap and the Bragg reflection gap, respectively. 
4.2.1 Experimental setup 
Figure 4.1(b) illustrates how a triangular photonic lattice can be created by 
the interference of three plane waves inside a biased photorefractive crystal, in a 
similar way to the case of the one-dimensional optically induced lattices studied in 
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Chapter 2. In the study of triangular lattices we thus employ an experimental setup 
which strongly resembles the one described in Section 2.3 and shown in Fig. 2.2 on 
page 38. 
We obtain three ordinarily polarised lattice writing beams by using the extended 
interferometer design illustrated in Fig. 2.18 on page 62. As previously, a set of 
extraordinarily polarised probe beams can be shaped to selectively match specific 
Bloch wave profiles (instead of the cylindrical lenses used to generate stripe beams 
in the case of one-dimensional lattices, we now focus the probe beams onto the front 
face of the crystal by use of spherical lenses). 
The electro-optic anisotropy of the photorefractive crystal can lead to increased 
connectivity of lattice sites along the direction perpendicular to the c-axis of the 
crystal, resulting in a nonuniform contrast of the two-dimensional induced photonic 
lattice along its different symmetry directions [143]. To minimise such unwanted 
effects the triangular lattice in our experiment is oriented such that the separation of 
neighboring lattice sites along lines in the vertical direction is maximised, as shown 
in Fig. 4.2(c). Lattices rotated by 30 degrees compared to this configuration, on the 
other hand, can experience strong distortion of their structural symmetry. 
4.2.2 Band structure and Bloch waves 
The propagation of a beam along a triangular optically induced lattice is gov-
erned by the full nonlinear Schrodinger equation taking into account beam dynamics 
in both transverse propagation directions [see Section 1.2.6], 
where x and y are the transverse coordinates and z the longitudinal propagation 
coordinate normalised to the characteristic values xq = yo = 1, A^ m and Zq = l,mm, 
respectively, and as previously D = zq\/{iTrrioxl) is the diffraction coefficient, A is 
the wavelength in vacuum, and no is the average refractive index of the medium. 
For a triangular lattice, the total refractive index modulation induced by the lat-
tice beams and the nonlinear self-action of the probe beam is characterised by the 
function 
where /(, = 1 is the normahsed constant dark irradiance, and Ip{x,y) is the three-
wave interference pattern [see Fig. 4.2(c)] given by 
Ip{x,y) = Ig\exp{ikx) + exp{-ikx/2-ikyVS/2)+exp{-ikx/2 + ikyV3/2)\'^, ( 4 . 3 ) 
where Ig is the lattice intensity, and 7 > 0 is a nonlinear coefficient proportional to 
the applied DC field. The resulting lattice period is d = 47r/(3A;). The parameters 
are chosen to match the experimental conditions: no = 2.4 is the refractive index 
of the bulk photorefractive crystal, A = 532 nm is the laser wavelength in vacuum, 
the lattice period is c? = 23fim or d = SO/im, 7 = 2.36, and Ig = 0.49. The applied 
electric field is 5kV/cm. 
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Figure 4.2: (a) Lattice unit cell in Fourier space; (b) Bloch wave dispersion 
along the contour passing through the high symmetry points marked in (a); 
(c) Refractive index profile of the triangular lattice; (d-f) Bloch waves corre-
sponding to the r and Y points in (a,b): (d) intensity at the F point of the 
first band, and (e,f) intensity and phase at the Y point of the second band. 
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The two-dimensional Bloch waves associated with the triangular lattice geometry 
are found as solutions of the linearised equation (4.1) in the form tl;{x,y,z) = 
u{x, y) + if^yV + i/^^) where each Bloch wave profile u{x, y) possesses the 
same periodicity as the underlying lattice. The corresponding linear diffraction 
relations I3{KX periodic and fully defined by their values in the first Brillouin 
zone, shown in Fig. 4.2(a). The calculated bandgap spectrum is shown in Fig. 4.2(b) 
for a lattice period d = SO/j-m. The fc-axis of the band diagram corresponds to the 
contour passing through the high symmetry points F, Y, and J in the centre and 
at the edges of the first Brillouin zone, as traced in Fig. 4.2(a). The lattice exhibits 
a full two-dimensional bandgap for typical experimental parameters. Figure 4.2(c) 
shows the refractive index profile of the lattice. 
Figures 4.2(d,e) show examples of Bloch wave profiles associated with the upper 
edges of the first and second bands, i.e. at the F and Y points, respectively, in 
Figs. 4.2(a,b). The Bloch wave at the top of the first band [Fig. 4.2(d)] exhibits 
a strong intensity modulation with peaks coinciding with those of the lattice [see 
Fig. 4.2(c)], and a uniform phase structure in the transverse plane. The intensity 
and phase of the Bloch wave at the top of the second band are shown in Figs. 4.2(e,f), 
respectively. This wave has a more complex structure and represents a state with a 
reduced symmetry [129]. The phase structure of the second band wave is staggered 
in the vertical direction with a TT phase jump between each zigzag-shaped intensity 
band extending in the horizontal direction. The intensity peaks are positioned off-
center with respect to the lattice sites. 
We note that the described features of both Bloch waves at the upper edges of 
the first and second bands are qualitatively similar to those of the corresponding 
Bloch waves found in one-dimensional periodic structures [cf. Fig. 1.11 . 
4.2.3 Observation of self-trapping in triangular lattices 
In a triangular lattice with self-focusing nonhnearity, self-trapping can occur in 
the form of discrete solitons originating from the F point at the top of the first band 
(edge of total internal reflection gap), and gap solitons originating from the Y point 
at the top of the second band (edge of Bragg reflection gap) [see Fig. 4.2(b) . 
In order to excite both types of self-trapped waves in the experiment, we shape 
the probe beams so as to approximate the symmetry of the Bloch waves associated 
with the corresponding points in the hnear transmission spectrum. The Bloch 
wave at the top of the first band (F point) [Fig. 4.2(d)] is excited by a Gaussian 
beam focused onto a single lattice site at the input face of the crystal, as shown in 
Fig. 4.3(b). The spectral components of the input beam are centered around the F 
point in Fourier space [see Fig. 4.2(a) and Fig. 4.3(c) . 
At low laser power (10 nW) the beam experiences discrete diffraction as shown in 
the three-dimensional plot of the output beam intensity distribution in Fig. 4.3(d). 
At high laser power (1 //W), on the other hand, the beam locahses at the central 
lattice site [see Fig. 4.3(e)], resembling the discrete sohton theoretically predicted 
for such lattices [60, 135]. The soliton profile calculated numerically for our experi-
mental conditions is shown in Fig. 4.3(f). 
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Figure 4.3: (a-c) Experimental images of (a) triangular lattice (period 23/im), 
(b) input beam intensity profile, and (c) Fourier spectrum of input and lat-
tice beams. In (a,b) the dashed hexagon indicates the lattice unit cell, and in 
(c) the edge of the first Brillouin zone as defined by the three lattice beams. 
(d,e) Measured Hnear discrete diffraction and nonUnear self-trapping, respec-
tively, from the top of the first band. The plot dimensions are 150/im along 
both X and y. (f) Numerically calculated intensity profile of a discrete soliton. 
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Figure 4.4: Experimental images of (a) two-beam input intensity profile, 
(b) Fourier spectrum of input and lattice beams, and (c) linear second band 
Bloch wave observed at the crystal output. In (b) the dashed hexagon in-
dicates the edge of the first Brillouin zone, and in (c) the lattice unit cell. 
(d,e) Measured linear diffraction [as in (c)] and nonhnear self-trapping, re-
spectively, from the top of the second band. The plot dimensions are 150/xm 
along X and 200/im along y. (f) Measured interferogram for the self-trapped 
beam in (e). (g,h) Numerically calculated gap soliton intensity profile and 
phase, respectively. The lattice period is 30/im in this experiment. 
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We note that unlike the cases of one-dimensional and two-dimensional square 
lattices, where discrete diffraction leads to strong energy depletion at the central 
lattice site upon linear propagation, typical discrete diffraction in triangular lattices 
is characterised by a beam profile where a large amount of light remains in the input 
waveguide [133, 134] [see also Section 4.4]. The shght departure from such triangular 
discrete diffraction in the above experiment [Fig. 4.3(d)] may be attributed to a 
small lattice asymmetry caused by the anisotropy of the crystal, as discussed above, 
resulting in enhanced waveguide coupling and diffraction in the vertical direction 
(along y). 
The Bloch wave associated with the Y point at the top of the second band 
Figs. 4.2(e,f)] is excited experimentally by a two-beam interference pattern with a 
staggered phase structure along the vertical direction [Fig. 4.4(a)]. The period of 
the interference fringes is matched to that of the corresponding Bloch wave, and 
the spectral components of the two input beams are centered around the Y point in 
Fourier space [see Fig. 4.2(a) and Fig. 4.4(b)]. Despite the rather crude approxima-
tion to the Bloch wave profile, the second band wave is successfully excited in the 
experiment, as seen in Fig. 4.4(c) which shows the central part of the hnear output 
from the lattice. 
At low power the second band wave strongly diffracts in the lattice [Fig. 4.4(d) 
while at high power it locahses to almost a single lattice site with two out-of-phase 
and off-center lobes [Fig. 4.4(e)], thus preserving the Bloch wave symmetry. This 
is verified by interferometric measurements revealing a clear TT phase jump at the 
center of the self-trapped beam [Fig. 4.4(f)]. Numerical calculations confirm the 
observed intensity [Fig. 4.4(g)] and phase [Fig. 4.4(h)] structure of the self-trapped 
second band beam. 
We find that observations agree well with theory, although the symmetry of the 
observed second band wave appears to be slightly rotated at the crystal output 
see Fig. 4.4(c) and Fig. 4.4(f)]. Such a rotation can be associated with mode 
transformation to a different family of gap solitons originating from the J point of the 
second spectral band [144] [Figs. 4.2(a,b)] where the phase structure at the sohton 
core is rotated by 30 degrees compared to the Y state. According to numerical 
calculations, the internal energies of the Y and J gap solitons are similar under our 
experimental conditions, and transformation between these states could therefore 
be induced by a small asymmetry of the input beam. On the other hand, we find 
that the nonlinear gap state [Fig. 4.4(e)] remains strongly trapped at the central 
lattice site subject to small variations in the tilt of the input beams. 
The observed immobility demonstrates a different regime of sohton dynam-
ics compared to the previously reported strong directional mobility of reduced-
symmetry gap solitons in square lattices [129 . 
4.3 Photonic lattices in infiltrated microstructured fibers 
Two-dimensional structures offer a range of transverse geometries with different 
symmetries and unique properties [63, 64, 70, 73, 79, 128-130, 133, 134] which intro-
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duce new opportunities for exploiting discreteness and nonlinear effects to achieve 
enhanced spatial control of light. However, so far only a few physical systems have 
proved suitable for experimental studies of wave propagation in nonlinear media 
exhibiting periodicity in two transverse dimensions. These include (i) optically in-
duced lattices [63, 64, 79, 128-130], offering tunable index contrast 10'^) and 
strong photorefractive nonlinearity, but requiring a bulky setup subject to real-time 
conditions; (ii) fs-laser written waveguide arrays [70, 72, 133]; and (iii) multicore 
optical fibers [134]. The latter two types of structures offer excellent stabihty and 
structural regularity, but rely on highly specialised fabrication techniques and ma-
terial systems that require large laser powers for the access to nonlinearity, and offer 
no dynamic tunability. 
It is thus important to develop new experimental platforms that combine the 
advantages of high quality fabricated two-dimensional structures with the attrac-
tiveness of tunability and strong nonlinearity, in order to take full advantage of 
the rich physics and the technological potential of periodic and nonhnear optical 
media. Photonic crystal fibers [51, 52] (PCFs) are prime examples of fabricated two-
dimensional microstructures which have recently become widely available. Typical 
PCFs are made entirely of silica and feature a periodic arrangement of air holes that 
extend along the length of the fiber. Filling the hollow sections of PCF structures 
with liquids, by use of capillary forces or pressure, allows for combining specific light 
guiding properties with strong material interactions for e.g. optical sensing [145-
147], tunable devices [148-152], and enhancement of nonlinear effects [153-155 . 
In this work we suggest to use liquid-filled PCFs for the study of discrete and 
nonlinear hght propagation in extended two-dimensional periodic systems. Conven-
tional PCFs feature a hght guiding core defect surrounded by a periodic cladding 
structure, and as such do not represent fully periodic systems. However, the cladding 
structure itself, if sufficiently large, can be regarded as an extended periodic array 
that displays no structural defects [156 . 
We experimentally demonstrate strongly tunable beam diffraction in a triangular 
waveguide array created by infiltrating the cladding holes of a standard PCF with 
a high index nonlinear liquid, and employ the thermal nonlinearity of the liquid to 
achieve beam self-defocusing at higher light intensity. Based on the observed effects 
we devise a compact all-optical power hmiter device with tunable characteristics. 
4.3.1 Experimental setup 
The experiment is performed in a 20 mm long piece of commercially available 
sihca PCF (Crystal Fibre LMA-15). An optical microscope image showing the cross 
section of the fiber is depicted in Fig. 4.5(a). The cladding region consists of 84 air 
holes of diameter d = bjiva arranged around the fiber core in a triangular pattern 
with inter-hole distance (pitch) A = 10//m. By use of capillary forces the air holes 
are filled with castor oil, which has a refractive index (n = 1.48) slightly higher than 
that of silica (n = 1.46). This results in the creation of a two-dimensional array of 
high index waveguides [149, 150] as shown in Fig. 4.5(b). 
Light from a Verdi-V5 continuous-wave laser (A = 532nm) is coupled into the 
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Temperature control 
Figure 4.5: Microscope images of (a) the photonic crystal fiber, and (b) sec-
tion of fiber cladding after infiltration with a high index liquid, (c) Schematic 
of the experimental setup for coupling of light into the infiltrated PCF. PM 
- polarisation maintaining fiber, xyz - three axis translation stage. 
Figure 4.6: Photograph of the temperature-controlled section of the experi-
mental setup outlined by the dashed rectangle in Fig. 4.5(c). White lines mark 
the position of the oven lid, removed here in order to allow for visualisation 
of the input fiber tube (left) and the mounted PCF sample (right). 
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Figure 4.7: Refractive index of the castor oil as a function of temperature, 
measured for A = 589nm. The linear slope is -3.6 x 10"^ 
central channel of the PCF waveguide array by use of a single-mode polarisation 
maintaining (PM) fiber [Fig. 4.5(c)]. The mode field diameter of the PM fiber 
(Newport F-SPA) is 3.6/im which provides a good match to the fundamental mode of 
the infiltrated waveguides. A drop of castor oil is applied between the input fiber and 
the PCF in order to further enhance the butt-coupling efficiency. After propagation 
through the sample, the output beam is imaged by a microscope objective. A thin 
glass plate is placed in contact with the end of the PCF to ensure good imaging of 
the near field. Neutral density filters mounted between the laser and the PM fiber 
allow for controlling the input beam power. 
The PCF sample is placed inside a temperature controlled oven (HC Photonics 
TC038) which can be stabihsed to ±0.1°C over a wide temperature range, allowing 
for precise thermo-optic tuning of the infiltrated castor oil. The oven is mounted on 
a three axis translation stage to allow for precise alignment between input fiber and 
the PCF sample. Figure 4.6 shows a picture of the central, temperature-controlled 
section of the experimental setup. A thin suspended metal tube is used to position 
the end of the input fiber next to the PCF sample, which is fixed in a v-groove 
between two thermally conducting brass plates. In Fig. 4.6 the lid of the oven 
(outlined by white lines) has been removed in order for the details of the setup to 
show in the picture. 
The thermo-optic response of the castor oil was characterised by measuring the 
refractive index as a function of temperature, using an automatic digital refrac-
tometer (Atago RX-9000-Q). Figure 4.7 shows the obtained result for the wave-
length A = 589nm (D-line of sodium), and the relationship is perfectly linear in the 
considered temperature range, with a slope of —3.6 x which defines the 
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thermooptic coefficient of the oil [cf. Section 1.4], For comparison the thermo-optic 
coefficient of fused silica is 1.2 x 10"^ K"^ [3], i.e. more than one order of magnitude 
smaller. 
4.4 Tunable discrete diffraction 
At room temperature the refractive index step between the glass and the infil-
trated castor oil is approximately 2 x 10"^, and the cladding waveguides forming 
the triangular array shown in Fig. 4.5(b) are strongly multi-mode (the V parame-
ter [2] is 7.2) and decoupled from each other. By exploiting the large thermo-optic 
coefficient of the castor oil, it is possible to decrease the refractive index step in the 
lattice to below 2 x by heating the fiber to above ~ 70 °C. In this regime, the 
waveguides become single-mode {V < 2.4), and the coupling between neighboring 
sites through evanescent mode field overlap is significantly increased. Light which is 
coupled into the central waveguide at the fiber input is thus enabled to tunnel into 
the surrounding lattice sites, leading to beam broadening in the form of discrete 
diffraction [133, 134]. 
Figures 4.8(a-d) show the measured linear output intensity distribution for single 
site input excitation when the temperature is increased from 72 through 73, 74, and 
75 °C, respectively. A considerable amount of light is seen to escape from the central 
site as the system is heated. The output pattern observed at 75 °C [Fig. 4.8(d) 
features a central dominating peak while light in the neighboring waveguides form 
a lower intensity distribution resembling a hexagonal star. At higher temperatures 
the waveguide coupling is further increased, and as a result the strongly diffracting 
beam reaches the boundaries of the periodic structure [cf. Figs. 4.5(a) and 4.5(b)], 
and the triangular symmetry is broken. 
Apart from such boundary effects, smah irregularities of the structure (due to 
nonuniform hole size and separation, or variations in the composition or infiltration 
of the waveguide liquid) are expected to significantly compromise symmetric diffrac-
tion and lead to disorder and randomness effects [73, 134]. Indeed, even for beams 
confined within the periodic structure, some degree of disorder and coupling asym-
metry is always observed in the experiment. Typical output profiles [Fig. 4.8(a-d)], 
however, resemble the discrete diffraction pattern predicted by theory and observed 
previously in triangular lattices [79, 133, 134 . 
The tunable beam diffraction demonstrated above can be used for realising dy-
namically controlled optical attenuation [148], as illustrated in Fig. 4.8(e) which 
shows the measured output transmitted through the central waveguide as a func-
tion of fiber temperature. The measurement was done by imaging the output beam 
onto a spatial filter blocking all but the central part of the beam. 
4.5 Thermal self-defocusing 
Next we investigate how the thermal defocusing nonlinearity of castor oil affects 
beam propagation in the two-dimensional waveguide array. Because of the large 
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Figure 4.8: (a-d) Linear output intensity distribution for single site input 
excitation at temperature 72, 73, 74, and 75 °C, respectively, (e) Output 
power at the central lattice site measured as a function of temperature. 
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and negative thermo-optic coefficient inherent to most liquids, heating produced by 
partial absorption of the propagating beam translates into a significant decrease of 
the refractive index at higher light intensity [see Section 1.4], Introducing absorbent 
dye into the liquid before infiltration allows for increasing this thermal nonlinear 
response [151]. In our experiments we use disperse red dye to control absorption 
losses in the infiltrated samples. 
Figures 4.9(a-d) show the measured output intensity distribution for increasing 
laser power, when the externally controlled temperature is fixed at a level corre-
sponding to weak linear coupling, in this case 74 °C. Figure 4.9(a) corresponds to 
low power linear propagation. The thermal nonlinear response causes increased 
diffraction or self-defocusing of the probe beam, eventually spreading over most of 
the structure as the laser power is increased [Figs. 4.9(b-d)]. As a consequence, 
the output power in the central waveguide decreases relative to the input power, 
giving rise to a nonlinear power characteristic as shown in Fig. 4.9(e). Two regimes 
of propagation can be identified: at low laser power the dependence is linear to a 
very good approximation, but above 25 mW input power the nonlinear defocusing 
increasingly limits the optical throughput, and the output power eventually drops 
after reaching a maximum at about 52 mW input power. 
We finally demonstrate how this nonlinear power characteristic can be combined 
with the independent thermal control of the hnear properties, discussed in the pre-
vious Section, to realise a tunable all-optical power hmiter. Figure 4.10(a) shows 
the nonlinear power characteristic traced for a range of different temperatures with 
the top and bottom curves corresponding to 73 and 77 °C, respectively. We point 
out that beam self-defocusing is observed for all temperatures in the experiment, 
i.e. regardless of the strength of the linear coupling in the array. However, the 
linear slope of the characteristic curve at low input power is seen to drop for in-
creasing temperature [Fig. 4.10(a)], in agreement with our characterisation of the 
linear properties [Fig. 4.8(e)]. Correspondingly, the maximum output power in the 
nonlinear regime also varies with temperature, and can be tuned externally as shown 
in Fig. 4.10(b). 
We note that a photoinduced degradation of the oil leading to increased absorp-
tion and stronger nonlinearity was observed for long exposure at high laser power. 
This effect, however, was found to have no qualitative effect on our results. Any 
significant degradation was avoided in our measurements by limiting the high power 
exposure time. 
We also note that the strong defocusing observed in the experiment [Fig. 4.9 
could indicate a high degree of nonlocality [9] associated with the thermal nonlinear 
response. That is, heat produced in the input waveguide diffuses throughout the 
structure and may substantially increase the temperature and waveguide coupling 
in the entire array, rather than detuning only a single waveguide. This idea is 
supported by the fact that the defocusing behavior is observed for any input position 
in the array, regardless of boundary and disorder effects and the strength of the linear 
coupling. In disordered arrays a local nonhnear response, on the other hand, can 
lead to both beam locahsation and spreading, depending on the input position [73 
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Figure 4.9: (a-d) Output intensity distribution at 74 °C for increasing laser 
power; (a) corresponds to linear propagation, (e) Output power measured at 
the central lattice site versus input beam power for weakly absorbing sample. 
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Figure 4.10: (a) Output versus input power at the central lattice site measured 
at different temperatures for moderately absorbing sample, (b) Correspond-
ing maximum output power as a function of temperature. 
We believe that a characterisation of the temporal dynamics of the system could 
shed further light on the possible effect of nonlocality, as e.g. transitory beam self-
trapping at a negative type lattice defect may happen on a short time scale before 
thermal equilibrium is reached. 
4.6 Summary 
In this Chapter we have studied linear and nonlinear light propagation in two-
dimensional photonic structures exhibiting triangular (or hexagonal) lattice geome-
try. Beam self-trapping in the form of two-dimensional discrete and gap solitons was 
demonstrated experimentally in optically induced triangular photonic lattices. The 
observed effects may be applied to other types of nonlinear periodic structures with 
similar geometry, e.g. in the field of photonic crystals and microstructured optical 
fibers. 
As a step towards fabricated and device oriented structures, we have developed 
and studied a novel experimental platform for the study of discrete and nonlinear 
light propagation in two-dimensional periodic systems, based on liquid-filled pho-
tonic crystal fibers. We have experimentally demonstrated thermal control of hnear 
discrete diffraction and nonlinear self-defocusing in a triangular fiber waveguide 
array and, based on these effects, realised dynamically tunable all-optical power 
limiting. The spatial control of hght is enabled by the combined effects of discrete-
ness, strong material tunability and nonlinearity of the infiltrated liquid, and does 
not rely on any architectural light guiding core defects as in the case of conventional 
photonic crystal fibers. 
The use of commercially available fabricated microstructures in combination 
with liquid infiltration avoids the need for specialised high-precision fabrication 
procedures [134], and provides high funabihty and nonhnearity at moderate laser 
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powers while taking advantage of a simple and compact experimental setup. 
We anticipate that the increasingly broad range of photonic crystal fiber struc-
tures available will stimulate further efforts in applying them in discrete nonlinear 
optics. The long propagation lengths that are accessible in fiber-based discrete 
systems could even allow for experimental studies of combined spatial and tem-
poral nonlinear effects [157] and thus pave the road for future demonstrations of 
spatiotemporal control of light. 
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CHAPTER 5 
Conclusions 
Nonlinear and periodic optical media exhibit a range of unique properties, which 
represent powerful tools for the fundamental study of light, and which can be ex-
ploited for controlling and manipulating the flow of light in optical systems. De-
velopments in the field, particurlarly towards applications in photonic systems and 
devices, strongly rely on advances in microfabrication technology and experimental 
capabihties. 
This thesis has explored a number of different experimental platforms for the 
study of nonlinear hght propagation in periodic photonic structures. Two main 
aspects characterise the structure of the research which was undertaken: (i) the 
transition from one-dimensional to two-dimensional systems, which enhances the 
diversity of lattice geometries and phenomena that can be observed; and (ii) the 
transition from bulky testbed experiments based on optically induced lattices to 
the use of compact and highly nonlinear fabricated periodic structures, which facil-
itate the technological apphcation of the fundamental effects discovered in discrete 
nonlinear optics. 
Optically induced lattices in photorefractive strontium barium niobate (SBN) 
crystals were used as an established experimental platform upon which the research 
was built, first in the study of one-dimensional photonic lattices [74-76], and then in 
the demonstration of light self-trapping in two-dimensional triangular lattices [79 . 
The experiments involving one-dimensional optically induced lattices were focused 
at demonstrating novel effects reaching beyond the fundamentals of discrete non-
linear light propagation studied previously in such structures [47, 61, 62, 92]. In 
particular, the experiments took advantage of the inherent tunability of the system 
to realise electro-optically and all-optically controlled beam manipulation. Non-
linear interaction of several different Bloch waves, including the effect of discrete 
interband mutual focusing, was demonstrated and studied in detail [74], as well as 
tunable beam refraction and steering in tilted lattices [75], and optically controlled 
beam steering in modulated lattices [76 . 
The study of linear and nonlinear beam propagation in lithium niobate (LiNbOs) 
waveguide arrays represented a transition towards the use of high quality fabricated 
photonic lattices, and thus the possibility of applying spatial nonlinear effects in 
device oriented structures. In addition, the self-defocusing nonhnearity introduced 
new opportunities for studying fundamental beam propagation effects, including 
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discrete self-trapping in photonic bandgaps in the form of gap solitons and nonhnear 
surface waves, and for characterising the dynamics of the nonhnear locahsation 
process [77, 78 . 
Finally a novel experimental platform based on liquid-filled photonic crystal 
fibers was proposed and implemented experimentally, combining the advantages 
of tunable structures and strong nonlinearity with the use of commercially avail-
able fabricated periodic structures. This system was used to demonstrate thermo-
optically tunable discrete diffraction, and thermal nonlinear self-action leading to 
controllable beam defocusing and all-optical power limiting [80]. 
The use of fiber based structures in discrete nonlinear optics opens up a promis-
ing future averme where combined temporal and spatial nonlinear effects such as 
spatio-temporal solitons or hght bullets could be observed. This represents one of 
the most exciting possible new research directions, which can further consolidate 
the field and establish new links to other research areas and to novel applications 
in the domain of fiber optics. 
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